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EVOLUTIONARY ENGINEERING OF PYCNOPORUS SANGUINEUS  
FOR TEXTILE DYE DECOLORIZATION 
 
SUMMARY 
Pycnoporus sanguineus MUCL 38531 is a white-rot fungus characterized by the 
orange, red and red-brown pigmentation of their basidiocarps, found in tropical and 
subtropical regions of the earth. It has been reported that laccase activity and pigment 
production of P. sanguineus are correlated. In liquid cultures both laccase synthesis 
and pigment production is extracellular. The medium composition defined for this P. 
sanguineus strain is as follows: 10 g glucose, 10 g soytone peptone, 1 ml trace metal 
solution, 0.2 mM MnSO4 in 1l of distilled water, pH adjusted to 5.0 using acetic acid 
(trace metal solution composition: FeSO4.7H2O 20mM, C6H5Na3O7.2H2O 40mM, 
CuSO4.5H2O 1mM, ZnCl2 5mM, MnSO4.H2O 20mM, MgCl2.6H2O 50mM, 
CoCl2.6H2O 5mM, NiCl2.6H2O 0.1mM, (NH4)6Mo7O24.4H2O 0.5mM; pH adjusted 
to 2.0 using HCl). Laccase activity is determined by spectrophotometric analysis. 
Identification and quantification of the pigment produced is done by developing 
HPLC analysis methods.  
 
By means of evolutionary engineering, which is an inverse metabolic engineering 
method, chemical mutagenesis is utilized to enhance genetic variety in the wild type 
P. sanguineus MUCL 38531 genome and using batch selection methods new mutant 
strains are produced. These mutant strains were sub-cultured and consequently, 
mutant generations were obtained. The generation possessing high laccase activity 
and significant pigment production is chosen and the individuals of this generation 
are developed. In conclusion, wild type, mutant strain and individuals of the mutant 
strain are compared according to laccase activity, biomass and pigment production 
properties and the optimum strain is defined.  
 
In this study, it was aimed to enhance the industrially important pigment production 
properties of P. sanguineus MUCL 38531. Thus, ecologically friendly pigment 
production processes and natural pigments which can serve as alternatives to the 
currently used synthetic dyes and pigments used in textile, leather and pulp and paper 
industry are developed.  
 
   
 xi
EVRİM MÜHENDİSLİĞİ UYGULANAN PYCNOPORUS SANGUINEUS 
KÜFÜNÜN TEKSTİL PİGMENT ÜRETİM ÖZELLİKLERİ 
 
ÖZET 
Pycnoporus sanguineus MUCL 38531 basidiokarpları turuncu, kırmızı ve bordo renk 
geçişleri ile karakterize edilen, tropik ve yarı tropik alanlarda bulunan, beyaz 
çürükçül küf mantarları sınıfına dahil bir suştur. P. sanguineus’un pigment 
üretiminin, sentezlediği lakkaz aktivitesi ile doğru orantılı olduğu bilinmektedir. Sıvı 
kültürlerde hem lakkaz hem de pigment ekstraselüler olarak üretilmektedir. Bu suş 
için seçilen sıvı besiyeri içeriği: 1l distile suda 10 g glikoz, 10 g soyton pepton, 1 ml 
eser metal solüsyonu, 0,2 mM MnSO4 ve pH asetik asit ile 5.0’e ayarlanmıştır (Eser 
metal solüsyonu içeriği: FeSO4.7H2O 20mM, C6H5Na3O7.2H2O 40mM, 
CuSO4.5H2O 1mM, ZnCl2 5mM, MnSO4.H2O 20mM, MgCl2.6H2O 50mM, 
CoCl2.6H2O 5mM, NiCl2.6H2O 0.1mM, (NH4)6Mo7O24.4H2O 0.5mM, pH 2 – HCl 
ile ayarlanmıştır). Lakkaz aktivitesi spektrofotometrik analiz yöntemleri ile 
belirlenmiştir. Üretilen pigmentin belirlenmesi ve miktar tayini HPLC’de analiz 
yöntemi geliştirilerek elde edilmiştir.  
 
Yabani tip P. sanguineus MUCL 38531 küf suşlarına bir tersine metabolizma 
mühendisliği yöntemi olan evrim mühendisliği yoluyla kimyasal mutasyon 
uygulayarak genetik çeşitlilik arttırılmış ve amaçlanan yönde kesikli seleksiyon 
stratejileri geliştirerek yeni mutant küf suşları oluşturulmuştur. Bu mutant suşlardan 
tekrarlı alt kültürleme yöntemi ile nesiller elde edilmiştir. Bu nesiller arasından en iyi 
lakkaz aktivitesine sahip ve pigment üretimi gözlenen nesil seçilip, bu neslin 
bireyleri elde edilmiştir. Sonuç olarak da yabani tip, mutant nesil ve bu neslin 
bireyleri lakkaz aktiviteleri, biyokütle miktarları ve pigment üretim özellikleri 
açısından karşılaştırılarak en amaca uygun olan belirlenmiştir. 
 
Bu çalışmada P. sanguineus MUCL 38531 küfünün, endüstriyel anlamda önemli bir 
özelliği olan pigment üretimi geliştirilmeye çalışılmıştır. Bu sayede daha çevre dostu 
pigment üretim süreçleri ve tekstil, deri, kağıt, vb. endüstrilerinde kullanılan mevcut 
kimyasal boyalara alternatif oluşturabilecek doğal boyalar ortaya konabilecektir.  
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1. INTRODUCTION 
1.1. White-rot Fungi and Their Applications 
Basidiomycetes are the main wood rotting organisms due to their ability to degrade 
or modify lignin using extracellular oxidative enzymes (oxidoreductases) they 
secrete. These fungi are divided into three classes, white-rot, brown-rot and soft-rot 
fungi, based on their macroscopic characteristics (Martinéz et al., 2005). White-rot 
fungi degrade lignin in wood, producing a cellulose enriched white matter. They are 
able to degrade lignin selectively (selective delignification) or simultaneously with 
cellulose (simultaneous rot) (Martinéz et al., 2005). Coriolopsis polyzona, 
Pycnoporus sanguineus, Pycnoporus cinnabarinus, Trametes versicolor, Trametes 
hirsuta are a few well characterized white-rot fungi. Brown-rot fungi can degrade 
wood partially. They are able to degrade cellulose and hemicellulose only after 
partial modification of lignin producing brown, crumbly residues. Basidiomycota are 
examples of brown-rot fungi (Blanchette, 2000). Soft-rot fungi are able to degrade 
cellulose and hemicellulose; on the other hand, they are able to degrade lignin 
partially. They can degrade wood under extreme conditions unfavored for other 
wood rotting fungi (Martinéz et al., 2005). Chaetomium and Ceratocystis in 
terrestrial environments and Lulworthia, Halospheria and Pleospora species in 
estuarine and aquatic environments are examples of soft-rotting fungi (Blanchette, 
2000).  
White-rot fungi are widely used especially in pulp and paper, textile and food 
industry due to their production of oxidoreductive enzymes, which are, laccase and 
two peroxidases (manganese peroxidase (MnP) and lignin peroxidase (Lip)). 
Laccases are extracellular phenoloxidases that oxidize phenolic and non-phenolic 
compounds in lignin and lignocellulosic compounds in nature; also they are used in 
various decolorization and detoxification processes, such as degrading xenobiotic 
compounds and recalcitrant environmental pollutants (Couto et al., 2006, Riva, 
2006).  
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Laccases obtained from white-rot fungi are in the field of interest of many researches 
because of their ability of oxidizing such a wide range of phenolic and non-phenolic 
compounds both natural and synthetic.  
A mixture of the use of laccase enzyme in different industrial applications is given. 
In pulp and paper industry, removal of lignin from wood and bleaching processes 
were done chemically, resulting in pollution. Due to environmental concerns, pre-
treatment of wood pulp with laccase is favored (Couto et al., 2006).  
The dye manufacturing makes up most of the textile industry. The textile dyeing 
process is very water and diverse chemical consuming. A very wide range of 
synthetic dyes and their reagents are used during this process. Dyes are “resistant to 
fading on exposure to light, water and different chemicals” and it is difficult to 
decolorize them because of their chemical structures. Some dyes’ chromophore 
structure can be carcinogenic compounds (Hunger, 2003). The textile effluents 
contain all this synthetic originated dyestuff chemicals which creates a potentially 
health threatening condition. The use of laccases in treatment of textile wastewater is 
considered very efficient due to the capacity of laccase in degrading various 
chemical structures of dyes (Couto et al., 2006). Laccase from various white-rot 
fungi are used in dye degradation, for example Trametes hirsuta laccase is used in 
much known dye classes like azo, indigo, triarylmethane and anthraquinone dyes. F. 
flavus laccase is used decolorization of Azure B, Remazol Brilliant Blue R, Brilliant 
green, Crystal violet and Congo red (Mayer et al., 2002). The first industrial laccase 
known is DeniLite®, produced by Novozyme (Novo Nordisk, Denmark). It is used 
in denim finishing (Couto et al., 2006). 
Laccases are used in food industry widely in baking and clarification of fruit juices, 
beer and wine. For example T. hirsuta laccase increases the resistance of dough 
(Couto et al., 2006).  In wine making, laccase’s phenolic compound removal ability 
is used for clarification of wine (Mayer et al. 2002). Laccases also diminishes the 
characteristic cork dirt and/or astringency that occur in the cork stoppers of the aged 
bottled wine (Riva, 2006); an industrial laccase Suberase® (Novo Nordisk, 
Denmark) is used for this process. Laccases can be also used in beverage processing 
(color and clarity determination), ascorbic acid determination, bioremediation and 
sugar beet pectin gelation (Couto et al., 2006).  
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There are various other applications of laccase in different industrial and research 
areas. For example in nanobiotechnology they are used as medical diagnostics. Also 
laccases are used in distinguishing between codeine and morphine because in the 
presence of oxygen they can oxidize morphine and cannot oxidize codeine (Mayer et 
al., 2002, Couto et al., 2006). Laccases are used in bioremediation in soil. They can 
degrade the herbicides, pesticides and explosives containing polycyclic aromatic 
hydrocarbons (PAHs) and other contaminating xenobiotics in soil. In cosmetic 
industry, laccases are used in hair dyes (instead of H2O2 as oxidizing agent) and skin 
lightening protein development (Couto et al., 2006).  
And recently synthesizing phenolic colorants using again the industrial laccase 
Suberase® (Novo Nordisk, Denmark) is drawing attention. It is also known for a 
long time, that laccase secreted by Pycnoporus genus, is used in the formation of 
phenoxazinone derivative pigments cinnabarin (an antibiotic against various Gram-
positive bacteria), cinnabarinic acid (CA) (a potential natural textile dye) and 
tramesanguin occurring in the white-rot fungi Pycnoporus genus (Eggert et al., 
1995).  
1.1.1. Pycnoporus sanguineus 
Pycnoporus species are widely found in tropical and subtropical regions of the 
northern hemisphere (Sullivan et al., 1971). They are characterized by the red-brown, 
orange or red color of their basidiocarps (Temp et al., 1999). The members of 
Pycnoporus genus, P cinnabarinus, P sanguineus and P. coccineus are all 
exceptional laccase producers (Eggert et al., 1995). As mentioned earlier Pycnoporus 
species produce cinnabarin, CA and tramesanguin. All three pigments have the 
phenoxazinone chromophore. The only difference between them, are the oxidation 
state of their substituents (Eggert, et al., 1995) (Figure 1.1). They show identical 
visible spectral characteristics with the maximum absorption at around 450 nm 
(Sullivan, et al., 1971, Temp et al. 1999). 
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3-Hydroxyanthranilic acid – C7H7N2O3 
Cinnabarinic Acid (CA) – C14H10N2O6   2-amino-3-oxo-3H-phenoxazinone-1,9-dicarboxylic acid 
Cinnabar in – C14H10N2O5 
2-amino-9-hydroxymethyl-3-oxo-3H-phenoxazinone-1-carboxylic acid 
Tramesanguin – C14H12N2O5 
2-amino-1-formyl-3-oxo-3H- phenoxazinone-1,9-dicarboxylic acid                   
Figure 1.1 Chemical structures and formulas of 3-HAA, phenoxazinone and 
phenoxazinone derivative pigments produced by P. sanguineus (Eggert et al., 1995) 
P. sanguineus is generally used in decolorization and detoxification processes in the 
textile industry and bioremediation of soil due to its laccase production. P. 
sanguineus MUCL 41582 laccase is able to decolorize azo, triphenylmethane and 
anthraquinone dyes. Also it is a good candidate for application in acid dye bath 
treatments. High decolorization percentages were obtained without addition of redox 
mediator (Trovaslet et al., 2007). P. sanguineus (CCB 458) was able to degrade the 
textile indigo dye (Balan et al., 2001). Laccase of P. sanguineus (SCC 108) is 
thermostable and can be used in textile wastewater treatment. It can maintain its 
activity for a significant amount of time at up to 75°C (Litthauer et al., 2007). Also 
dye decolorization experiments done using whole cell Basidiomycetes show that P. 
sanguineus is able to degrade bromophenol blue, blue dextran, cresol red on agar 
plates along with two other white-rot fungi Irpex spp and T. elegans (Tekere et al., 
2001). 
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Whole cells of P. sanguineus is immobilized on to various surfaces in order to make 
biotransformation of synthetic compounds (Ricci et al., 2005), remove heavy metal 
from the environment (Zulfadhly et al., 2001) and treat textile wastewater (Jiang et 
al., 2005). 
1.2. Pigment and Dye Industry 
1.2.1.   Pigments 
Pigments are colorants which are either organic or inorganic. They are colored, black 
or white. Pigments are insoluble, but in particular media/solutions they can dissolve 
to some extent (Herbst, Hunger, 2004). Therefore, a neutral or colorless matrix is 
required as a binder. Pigments can be (chemically) defined as “a substance consisting 
of small particles that is practically insoluble in the applied medium and is used on 
account of its coloring, protective, or magnetic properties” (Buxbaum, Pfaff, 2005). 
Biological definition of a pigment is a secondary metabolite which is produced as a 
defense mechanism, it can have antibiotic characteristics. Unlike pigments, dyes are 
soluble and applied in the form of an aqueous solution. The chemical structure of 
dyes and pigments are generally the same. It is the physical characteristics that 
separate them.  
After developing a modern color industry, the manufacturers and chemists generated 
international standards to identify, produce, measure and to test the colors. Munsell 
Color System was the source of establishing the standards of pigment measurements 
worldwide. It was first published in 1905. Then in the midst of the 20th century, 
International Organization for Standardizations (ISO) produced technical standards 
of manufacturing pigments and dyes. In order to classify and name the pigments and 
dyes produced The Society of Dyers and Colourists (United Kingdom) and The 
American Association of Textile Chemists and Colorists (United States of America) 
agreed to The Colour Index International (CII). “In the CII schema, each pigment has 
a generic index number that identifies it chemically, regardless of proprietary and 
historic names.” (Hunger, 2003). 
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Chromophore is the part of a pigment/dye which gives it its color. In order for a 
molecule to have a color, it has to be able absorb some wavelengths of the visible 
light and reflect others. When the visible light hits the chromophore of a 
pigment/dye, the energy absorbed excites an electron to a higher energy orbital, 
consequently the conformation of the pigment/dye changes (Hunger, 2003). 
Pigments are characterized by their chemical structure and by the technical and 
optical properties that they possess (Buxbaum, Pfaff, 2005). But the major 
classification of pigments is organic and inorganic pigments. Pigments have been 
acknowledged since the prehistoric era. They are found in the wall paintings of caves 
in various locations on the earth. They are originated from various sources like 
plants, insects, mollusks, animal waste and minerals. Mineral based pigments like 
hematite, brown iron ore were found in the wall paintings. In China and Egypt, 
pigments such as malachite, lapis lazuli, azurite and cinnabar have been used since 
3000 BC. 18th century is accepted as the beginning of the pigment industry. Prussian 
Blue was the first synthetic pigment, discovered in 1704 by accident. A century later 
Cobalt Blue was synthesized. After that point Cadmium Yellow, Chrome Yellow, 
various several synthetic iron oxides ranging from yellow to red and black have been 
produced. Then in the 19th century, ultramarine, various cobalt, iron oxide and 
cadmium pigments were synthesized. The production of pigments belonging to 
today’s pigment classes such as disazo condensation pigments, azo pigments of the 
benzimidazolone, quinacrodnes, and isoindolinone pigments takes place in the latter 
century (Herbst, Hunger, 2004, Buxbaum, Pfaff, 2005). 
Even if the beginning of pigment usage goes back to the prehistoric ages, the area of 
application was very limited due to the solubility properties of the pigments. Most of 
the organic pigments used during that time are considered as dyes rather then 
pigments (Herbst, Hunger, 2004). 
The classification of inorganic pigments (Table 1.1) is done based on the chemical 
and coloristic properties of these pigments, as suggested by ISO (Buxbaum, Pfaff, 
2005). 
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Table 1.1 Classification of inorganic pigments (Buxbaum, Pfaff, 2005) 
Term Definition 
White pigments the optical effect is caused by nonselective light scattering (i.e. zinc white, titanium dioxide and zinc sulfide pigments) 
Colored pigments 
the optical effect is caused by nonselective light absorption and also to a 
large extent by selective light scattering (i.e. iron oxide red and yellow, 
cobalt blue, ultramarine pigments, cadmium pigments) 
Black pigments the optical effect is caused by nonselective light absorption (i.e. carbon black pigment, iron oxide black) 
Effect pigments the optical effect is caused by regular reflection of interference 
Metal effect pigments regular reflection takes place on mainly flat and parallel metallic pigment particles (i.e. aluminum flakes) 
Pearl luster pigments regular reflection takes place on the highly refractive parallel pigment platelets (i.e. titanium oxide on mica) 
Interference pigments the optical effect of colored luster pigments is caused wholly or mainly by the phenomenon of interference (i.e. iron oxide on mica) 
Luminescent pigments the optical effect is caused by the capacity to absorb radiation and emit it as light of a longer wavelength 
Fluorescent pigments the light of longer wavelength is emitted after excitation without a delay (i.e. silver-doped zinc sulfide) 
Phosphorescent pigments the light of longer wavelength is emitted within several hours after excitation (i.e. copper-doped zinc sulfide) 
When classifying organic pigments, the same criteria are considered as classifying 
the inorganic pigments (Table 1.2). The distinction between azo and nonazo 
pigments is very vague. Nonazo pigments are known as polycyclic pigments. Azo 
pigments are commercially important and they are further divided according to their 
chemical structure. The polycyclic pigments are classified according to the type and 
the number of rings that their aromatic structures possess (Herbst, Hunger, 2004).  
There are a number of crucial concepts accepted as application properties of organic 
pigments. Light, weather, organic solvent and heat fastness are the prior concerns. 
Other important notions are the rheological properties of the pigmented medium and 
the dispersibility of the pigment. In addition to the application properties of a 
pigment, there are coloristic properties of it and they are hue, color depth, tinctorial 
strength, covering or hiding power and transparency (Herbst, Hunger, 2004).  
Azo pigments have the azo group (— N=N—) as their chromophore. The monoazo 
yellow and orange pigments have good lightfastness but poor solvent and migration 
resistance. The disazo pigments have a wide color range starting from greenish 
yellow to reddish yellow and orange and red. Generally they have good solvent and 
migration fastness, but have poor light and weatherfastness. They are used in printing 
inks and plastics (Herbst, Hunger, 2004).  
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The polycyclic pigments have condensed aromatic or heterocyclic ring systems. 
They have good light and weatherfastness and also good solvent and migration 
resistance.  The anthraquinone pigments are derived from anthraquinone (C14H8O2). 
Pigments belonging to this class have very good weatherfastness and they are usually 
used in the industrial, metallic and automotive finish industries (Herbst, Hunger, 
2004).  
Table 1.2 Classification of organic pigments  
Classes  Sub-classes 
Azo pigments  Monoazo Yellow and Orange pigments 
 Disazo pigments 
 β-Naphthol pigments 
 Naphthol AS pigments (Naphthol Reds) 
 Azo pigment lakes (Salt type pigments) 
 Benzimidazolone pigments 
 Disazo condensation pigments  
 Metal complex pigments 
 Isoindolinone and Isoindoline pigments 
Polycyclic pigments Phthalocyanine pigments 
 Quinacridone pigments 
 Perylene and Perinone pigments 
 Diketopyrrolo-Pyrrole (DPP) pigments 
 Thioindigo pigments 
Anthraquinone pigments Anthrapyrimidine pigments 
 Flavanthrone pigments 
 Pyranthrone pigments 
 Anthrone pigments 
Dioxazine pigments  
Triarylcarbonium pigments  
Quinophthalone pigments  
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Pigments’ application areas are very diverse, such as printing inks for textile and 
paper, artists’ colors, paints, varnishes, leather decoration and imitation leather, 
building materials (generally chromium oxide and iron oxide pigments), enamel, 
glazes, ceramics and cosmetics. Particle size is important because it influences 
tinting strength, hiding power, gloss and lightening power. There are several 
concepts to take into consideration while selecting a particular pigment for a 
particular application, which are stability properties (various fastness properties), 
behavior in various binders (dispersibility, relations with the binder) and, chemical 
and physical properties (particle size, hardness, solubility, moisture and salt content) 
(Herbst, Hunger, 2004).   
1.2.2.   Dyes 
Colorants other than pigments are dyes. A general description of a dye would be a 
colored material that has affinity to the substrate to which it is being applied. A 
substance called mordant might be necessary to fix the dyes on low-polarity fabrics 
(Herbst, Hunger, 2004).   
As mentioned earlier dyes and pigments are generally share the same chemical 
structure. The physical characteristics separate them. For example, tyrian blue is a 
pigment obtained from a sea mollusk. It was extracted from the mucus of Murex 
brandaris. This was an expensive process. This pigment was used as a fabric dye for 
centuries starting very early at 1200 BC. Because of its cost, the fabrics, paintings 
and other materials painted with this pigment were associated with prosperity and 
royalty. Its chemical structure is very similar to that of indigo dye. The natural indigo 
dye was mostly obtained from plants that belong to the genus Indigofera, found in 
tropical areas.  
    
Figure 1.2 Chemical formula of the tyrian blue pigment (on the left) and indigo dye 
(on the right) 
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Carmine (red) is a dye and a pigment obtained from a parasitic insect found in 
Central and South America. It is extracted from Dactylopius coccus insect. It is used 
as a food and fabric dye. 
 
Figure 1.3 Chemical formula of the carmine (red) 
Mauveine was the first synthetic dye (aniline dye) discovered by William Henry 
Perkin in 1856. It was discovered while trying to produce quinine by extracting it 
from tree barks. Perkin obtained Aniline blue when he used aniline for the extraction, 
and he obtained Aniline purple when he used alcohol for the extraction (Hunger, 
2003). Before the discovery of synthetic dyes people used natural dyes which were 
obtained from various plant, mineral, and animal sources. A few examples are given 
above.  
Mauveine is considered as a starting point of today’s modern industrial dye 
production process. With a few exceptions, all the dyes used today were produced in 
19th century. Of course earlier dyes were used for coloring natural fabrics like 
cotton, wool and silk. But the discovery of synthetic fabrics likes nylon, polyester 
and polyacrylonitrile enforced the dye producers to develop stable dyes for synthetic 
fabrics as well as the natural fabrics. The growth of the textile industry consequently 
led to the growth of the dye industry (Hunger, 2003).  
There are two ways to classify dyes: they can be classified according to their 
chemical structure (depends mainly on the chromophore characteristics) or the 
method of application. Usage of chemical structure as a classification method is 
widely agreed on by dye manufacturers. But The Colour Index International uses the 
application method (Table 1.3) of dyes as their classification scheme. Today the most 
important dye types are used for dying cotton and polyester textile fibers and their 
blends. Other textile fibers are nylon, polyacrylonitrile and cellulose acetate (Hunger, 
2003).  
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Table 1.3 Classification of dyes according to their application (Hunger, 2003) 
Class  Principal substrates Method of application Chemical type 
Acid Nylon, wool, silk, paper, inks and leather  
Usually from neutral to 
acidic dyebaths 
Azo(including premetallized), 
anthraquinone, triphenylmethane, 
azine, xanthene, nitro and nitroso 
Azoic 
components and 
compositions 
Cotton, rayon, cellulose 
acetate and polyester 
Fiber impregnated with 
coupling component 
and treated with a 
solution of stabilized 
diazonium salt 
Azo 
Basic 
Paper, polyacrylonitrile, 
modified nylon, polyester and 
inks 
Applied from acidic 
dyebaths 
Cyanine, hemicyanine, 
diazahemicyanine, 
diphenylmethane, triarylmethane, 
azo, azine, xanthene, acridine, 
oxazine and anthraquinone 
Direct Cotton, rayon, paper, leather and nylon 
Applied from neutral 
or slightly alkaline 
baths containing 
additional electrolyte 
Azo, phthalocyanine, stilbene and 
oxazine 
Disperse Polyester, polyamide, acetate, acrylic and plastics  
Fine aqueous 
dispersions often 
applied by high 
temperature/pressure or 
lower temperature 
carrier methods; dye 
may be padded on 
cloth and baked on or 
thermofixed  
Azo, anthraquinone, styryl, nitro 
and benzodifuranone 
Fluorescent 
brighteners 
Soaps and detergents, all 
fibers, oils, paints and plastics 
From solution, 
dispersion or 
suspension in a mass 
Stilbene, pyrazoles, coumarin and 
naphthalimides 
Food, drug and 
cosmetic Foods, drugs and cosmetics  
Azo, anthraquinone, carotenoid 
and triarylmethane   
Mordant Wool, leather and anodized aluminum 
Applied in conjunction 
with Cr salts Azo and anthraquinone 
Oxidation bases Hair, fur and cotton 
Aromatic amines and 
phenols oxidized on 
the substrate 
Aniline black and indeterminate 
structures 
Reactive  Cotton, wool, silk and nylon 
Reactive site on dye 
reacts with functional 
group on fiber to bind 
dye covalently under 
influence of heat and 
pH (alkaline) 
Azo, anthraquinone, 
phthalocyanine, formazan, 
oxazine and basic 
Solvent 
Plastic, gasoline, varnishes, 
lacquers, stains, inks, fats, 
oils and waxes 
Dissolution in the 
substrate 
Azo, triphenylmethane, 
anthraquinone and phthalocyanine 
Sulfur Cotton and rayon 
Aromatic substrate 
vatted with sodium 
sulfide and reoxidized 
to insoluble sulfur-
containing products on 
fiber 
Indeterminate structures  
Vat Cotton, rayon and wool 
Water-insoluble dyes 
solubilized by reducing 
with sodium hydrogen 
sulfite, then exhausted 
on fiber and reoxidized 
Anthraquinone (including 
polycyclic quinones)  and 
indigoids   
There are also high-tech applications of dyes in medical, electronics and printing 
industries. Reactive dyes have simpler chemical structures and they dye brighter than 
direct dyes. Chelating with copper and chromium salts after the dying process is 
necessary for direct dyes to improve washfastness properties. Disperse dyes are 
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nonionic and they are used for hydrophobic fiber applications. Solvent dyes are 
insoluble in water, they lack polar solubilizing groups. Vat dyes are also water 
insoluble. Basic dyes are also known as cationic dyes because they are water soluble 
and they produce colored cations in solutions. Sulfur dyes have low cost and good 
washfastness, but they yield environmental concerns (Hunger, 2003). 
Dyes are also classified according to their chemical structures, in other words, 
according to their chromophores. Table 1.4 shows the important chromophores of 
dye classes (Hunger, 2003).  
Table 1.4 Chromophores according to which dyes are classified  
Azo chromophore 
Heterocyclic dyes 
Anthraquinone chromophore 
Indigoid chromophore 
Cationic dyes as chromophores 
Polymethine and related chromophores  
Di- and Triarylcarbenium and related chromophores 
Phthalocyanine chromophores 
Sulfur compounds as chromophores 
Metal complexes as chromophores 
Fluorescent dye chromophores 
Other chromophores such as quinophthalone, nitro and nitroso, formazan, stilbene, triphenodioxazine 
dyes 
A few well known, widely used in diverse application fields and commercially 
available dye and dye chromophore chemical structures and brief information about 
them are given below. 
Azo dyes are composed of azo compounds which have the R-N=N-R' functional 
group. N=N is the azo and R and R' can either be aryl or alkyl. Azo group is the 
chromophore of the dye (Figure 1.4). Aromatic azo compounds (R=R'=aromatic) 
have vivid colors such as red, yellow and orange.  
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Figure 1.4 A typical Azo compound, 4-hydroxyphenylazobenzene (yellow azo dye) 
Azo dyes are found in various food products, they are also used in printing, paint and 
ink industry. Their application range is known to be is very wide.  
Heterocyclic dyes are made of heterocyclic compounds. One example of heterocyclic 
compounds is pyridine which was used in this project in the process of obtaining 
cinnabarinic acid (CA) by oxidizing 3-hydroxyanthranilic acid (3-HAA). Thiazine is 
another heterocyclic compound from which several dyes are derived; methylene blue 
and xanthene are two of them.  
    
   Pyridine  Thiazine 
    
  Methylene blue   Xanthene  
Figure 1.5 Chemical formulas of pyridine, thiazine and thiazine derivatives 
methylene blue and xanthane 
Anthraquinone dyes are derived from anthraquinone (Figure 1.6). They are yellow or 
light gray to gray-green. 
 
Figure 1.6 Anthraquinone chromophore 
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Anthraquinone naturally occurs in some plants such as senna, rhubarb, aloe, Cascara 
buckthorn and fungi, lichens and insects. It is used as a catalyst in wood pulp 
production. Anthraquinone is also used as a bird repellant on seeds.  
Naturally occurring indigo dye was obtained from the Indigofera plant in prehistoric 
times. It was first synthetically produced in 1878, by Adolf von Baeyer. It has a 
characteristic blue color. 
 
Figure 1.7 Structural formula of indigo 
Indigo dyes have good light and heat fastness. They are used mainly for textile 
dying. There are various commercial indigo dyes available in the dye-stuff market.  
1.2.3 Pigments Produced by Fungi 
Fungi produce a wide range of natural products often called secondary metabolites. 
These metabolites have medical, industrial and/or agricultural importance. Some are 
harmful (e.g., mycotoxins), while others are beneficial (e.g., antibiotics) to mankind. 
Biosynthesis of secondary metabolites is usually associated with cell differentiation 
or development, and actually most secondary metabolites are produced by organisms 
that exhibit filamentous growth and have a relatively complex morphology (Duran, 
et al., 2002).  
Secondary metabolism is commonly associated with sporulation processes in 
microorganisms, including fungi. Secondary metabolite production usually begins 
late in the growth of the fungus, often upon entering the stationary or resting phase. 
Early studies showed that the environmental conditions required for sporulation and 
secondary metabolism were similar (Duran, et al., 2002). 
Fruiting bodies of various fungi species produce a wide range of prominent 
pigments. Various examples of pigments produced by fungi for food and textile 
colorants are given below. 
Melanin is produced by many Ascomycetes and damaged fungi by the pentakide 
pathway. In Basidiomycetes melanin is produced in the phenoloxidase system. 
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Melanin is a very important pigment because it is involved in building resistance to 
unfavorable environmental conditions like exposure to extreme temperature. 
Phellinus robustus and Inonotus obliquus produce melanin pigments (black) (Duran, 
et al., 2002). 
Carotenoids are very significant antioxidants and colorants. They are known to be 
playing a role in the inhibition of tumor development and mutagenesis and increasing 
the immune response. 200 carotene producing fungi species have been acknowledged 
up to date. Xanthopyll is produced by Basidiomycetes and Deutromycetes; β-
Carotene is the major carotene occurring in carotenogenic fungi. The significant sex 
hormones of fungi, such as trisporic acid from Blakeslea trispora, are carotenoid 
pigments. Astaxanthin (salmon pigmentation) is another carotenoid pigment mainly 
produced by the yeast Phaffia rhodozyma, Neurospora crassa is said to be another 
fungal for this pigment. Astaxanthin is a popular pigment used in aquaculture 
(Duran, et al., 2002).  
A hemiascomycete Ashbya gossypii is a riboflavin overproducer. Riboflavin is the 
most important flavin compound which is synthesized and/or excreted into their 
culture media (Duran, et al., 2002).  
Naphthoquinone pigments are produced by Actinomycetes. These quinones are 
known to be related to the fusarubin synthesized by Fusarium solani. 
Naphthoquinones are mycotoxins. They are also produced by Penicillium and 
Aspergillus species. Recently Emericella falconensis which is an ascomycete, 
produced the new yellow pigments, falconensones A and B. Their chemical structure 
is similar to retinoic acid (Duran, et al., 2002).  
Monascus species produce pigments in their mycelium as well as extracellularly in 
their culture media. Many Monascus species produce a red and/or yellow pigment. 
Monascus ruber produced the red pigment and citrinin. The pigment production of 
this fungus in liquid cultures was enhanced by increasing the oxygen supply to the 
culture by changing agitation and aeration conditions. Also Penicillium citrinun is a 
brilliant citrinin producer when it was under phosphate buffer control. Monascus 
purpureus was studied for the whole wheat flour bioconversion for the food colorant 
development (Duran, et al., 2002).  
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Drechslera species produce hydroxyanthraquinones such as tritisporin (red brown), 
catenarin (red), helminthosporin (maroon, brown) and cynodontin (bronze). 
Aspergillus glaucus synthesizes erytroglaucin (red), auroglaucin (orange) and 
flavoglaucin (yellow). Fusarium culmorum produces aurofurasarin (orange yellow) 
and rubrofusarin. Chrysonilia sitophila synthesizes aurantin (yellow) and oosporin 
(purple-brown with ferric chloride). Boletus luridus is responsible for boletol (blue) 
production. Many different Penicillium species produce a great deal of pigments all 
together, yellow pigments, citrinin, palitantin, chrysogenin, patulin, citromycetin, 
arthographol, fulvic acid are some of them. The yellow pigment produced by 
Penicillium species lead to the formation of yellow rice, which is rice infected by 
Penicillium species (Duran, et al., 2002).  
The fruiting bodies of some macromycetes, such as Boletus, Cortinarius, Hydnellum, 
Hygrocybe spp., when using mordant such as alum or iron, can give a range of pink, 
blue, yellow, red, and brown colors (Duran, et al., 2002). 
Another wood rotting basidiomycete producing pigment is Laetiporus sulphureus. 
The fruiting bodies of L. sulphureus are pink-orange colored and their margins are 
yellow. The main pigment in their basidiocarps is laetiporic acid, which carries a 
decaene skeleton as a part of its chromophore (Weber et al., 2004).  
Anthraquinones apparently are secondary metabolites and posses no obvious 
function in cell growth. They are synthesized for a limited period by cells that are no 
longer undergoing balanced growth. Trichoderma, Drechslera, Aspergillus, and 
Curvularia strains tend to produce anthraquinones. Three anthraquinones: 
cynodontin (converted to two anthraquinone dyes for textile applications: Disperse 
blue and Acid green), helminthosporin, and chysophano were produced by a 
Curvularia lunata strain. Fusarium oxysporum also synthesizes anthraquinones. 
Dermocybe cardinalis and from Cortinarius sinapicolor produce various 
anthraquinones and naphthoquinones. Studies showed that anthraquinone synthesis 
by fungi species is far more advantageous when compared with chemical synthesis 
because the environmental unfriendly strong acids and alkalis and expensive fuel-
consuming high-temperature of chemical synthesis is not required for biological 
synthesis of the pigment (Duran, et al., 2002).  
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Pleurotus ostreatus and Crinipellis schevczenkovi are basidiomycetes that produce 
phenolic compounds as pigments upon aromatic amino acid, naphthylacetic acid, 
indolacetic acid, and kinetin stimulation (Duran, et al., 2002).  
Table 1.5 shows the fungi species selected as new pigment sources and the colors 
that they produce.  
Table 1.5 The fungi species selected as new pigment sources, their substrates, colors 
and possible structures obtained from similar strains (Duran, et al., 2002) 
Fungi Substrate Color 
 
All these pigments produced by fungal strains have similar activities. They are 
generally used for their antioxidant properties and antimicrobial activities against 
various bacteria, yeast, fungi and some protozoa. Fungal pigments are commonly 
used as food colorants and textile dyes.  
 18
Fungal naphthoquinones are well known for their cytotoxic activities against HeLa 
and leukemia cells, they also possess carcinogenic and mutagenic properties. Several 
fungal pigments have mycotoxic activities. Xanthomegnin and viomellein 
synthesized by Penicillium, Asperigillus, Microsporium, Trichophyton are examples 
of those mycotoxic metabolites (Duran, et al., 2002).  
Monascus pigments are used as oriental food colorants conventionally. Citrinin 
which is another mycotoxin is also produced by Monascus strains, recent studies 
about citrinin production and use are in progress. Monascorubrin and rubropunctatin 
are orange pigments produced by Monascus purpureus maintaining antibiotic 
activities against bacteria, yeast, filamentous fungi and also embryotoxicity and 
teratogenecity. Purple pigments such as monascorubramine and rubropunctamine 
have been observed in Monascus cultures in certain culture conditions. The 
antibacterial activity of Monascus pigments against various bacterial strains has been 
studied. The pigment has a weak activity against Escherichia coli and Streptomyces 
griseus and a strong activity against Bacillus subtilis and Staphylococcus aureus. 
Another pigment produced by Monascus is monacoline showing hypocholestemic 
activity. Especially monacoline K (a lovastatin) plays an important role as inhibitory 
compounds for HMG-CoA reductase which is the key enzyme in cholesterol 
synthesis pathway. Monacoline K is sold commercially as Colestin® (Pharmanex, 
California; Wenstardin and WBL, China). Lovastatins are also produced by 
Pleurotus ostreatus. Monascus originated pigments are used in cosmetic industry, 
silk and wool tanning in China. Also in Nederland studies are ongoing for tanning of 
biodegradable matter such as PHB/PHV packages using Monascus pigments (Duran, 
et al., 2002).  
Ecological and toxicological concerns are influencing the dye and pigment industries 
to look for environment friendly ways of obtaining existing and new dyes. Therefore 
natural pigment sources are again revisited. Plants can be sources of new pigments 
but fungi and single cell algae are more suitable for biotechnological production 
because the existing culture techniques can be applied to them. Taking into account 
the stability of Monascus metabolites in food processing and the occurrence of wide 
range of fungal pigments, fungi would be the leading candidates as new pigment 
sources (Duran, et al., 2002).  
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The costly toxicology tests, food legislations, manufacturing costs and consumer 
acceptance are complications which hinder the development of new natural pigment 
sources. Societies that do not use pigments produced by microorganisms traditionally 
cannot recognize the use of these pigments as food additives and textile dyes easily 
(Duran, et al., 2002). Fungal pigments can hopefully be accepted by consumers after 
the necessary toxicological testing and comparison with other natural sources and 
synthetic pigments are done.  
1.2.4 Pigments Produced by Pycnoporus sanguineus 
Pycnoporus species produce heterocyclic pigments (nitrogen heterocycles) which all 
carry the phenoxazinone chromophore (Gill et al., 1999, Eggert et al., 1995, Sullivan 
et al., 1971). In nature their basidiocarps have a color range between orange to red 
and to red-brown (Temp et al., 1999). In submerged cultured, Pycnoporus species 
produce these pigments extracellularly.  
As mentioned earlier laccase secreted by Pycnoporus genus, is used in the formation 
of phenoxazinone derivative pigments cinnabarin, cinnabarinic acid (CA) (a potential 
natural textile dye) and tramesanguin occurring in the white-rot fungi Pycnoporus 
genus (Eggert et al., 1995, Sullivan et al., 1971, Temp et al., 1999). Cinnabarin is 
strongly active against Gram-positive bacteria and less active against Gram-negative 
bacteria (Smânia et al., 1998). Cinnabarinic acid is active against various Gram-
positive Streptococcus bacteria (Gill et al., 1999).  
In order to understand how laccase is involved in the production of the three 
phenoxazinone derivative pigments, brief information about how laccase works and 
the structure of laccase produced by white-rot fungi should be given.  
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Figure 1.8 Catalytic cycle of laccase: (a) Model of Trametes versicolor laccase 
catalytic cluster made of four copper atoms. (b) Presentation of laccase catalytic 
cycle (Riva, 2006) 
Laccases (EC 1.10.3.2, p-diphenol:dioxygen oxidoreductases) are oxidases belonging 
to blue-copper family. They have four copper molecules at their active sites. Type I 
(T1) copper gives the typical blue color to laccase and substrate oxidation takes place 
at this site. Type 2 (T2) and Type 3 (T3) copper form a trinuclear cluster. Here the 
reduction of molecular oxygen and release of water takes place. Laccase oxidizes 
four substrate molecules (Sub: substrate molecule) to their corresponding radicals 
(Sub+: oxidized substrate radicals). As a result of the catalytic reaction, one oxygen 
molecule is reduced to two water molecules. The resulting oxidized substrate radicals 
are reactive intermediates and they produce latter dimers, oligomers and polymers 
(Riva, 2006).  
Fungal laccases are able to degrade the phenolic parts of lignin directly, but they 
cannot do the same thing for non-phenolic lignin compounds. Therefore an indirect 
way of non-phenolic lignin degradation is necessary for the whole break down of 
lignin (Eggert et al., 1996). A laccase/mediator system can be the remedy to solve 
this problem. 
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Laccases are usually too large to enter the unaffected wood cell wall, therefore low 
molecular weight, easily diffusible compounds are used to contact the substrate of 
interest Mediators are intermediate substrates of laccase, whose oxidized radical 
forms are able to interact with the target substrates (Riva, 2006). Mediators have high 
redox potentials which allow them to move from the enzyme into the 
ligninocellulosic complex and attack lignin efficiently (Leonowics et al., 2001). 
Consequently, in the presence of mediators, the low redox potential barrier caused by 
laccase is removed (Figure 1.9) (Eggert et al., 1996). 
 
Figure 1.9 Simple mechanism showing how laccase works in the presence of a 
mediator (Riva, 2006) 
Mediators are metabolites produced in fungal pathways. The first naturally occurring 
laccase metabolite discovered is 3-hydroxyanthranilic acid (Figure 1.10 (a)) 
produced by P. cinnabarinus (Eggert et al., 1996). Veratryl alcohol is another 
naturally occurring laccase mediator, produced by Phanerochaete chrysosporium 
(Leonowics et al., 2001). The first artificial mediator was ABTS (2,2 -Azino-bis(3- 
ethylbenzothiazoline-6-sulfonic acid) (Figure 1.10 (b)), which was used in pulp 
delignification. N-heterocycles bearing N–OH groups (Figure 1.10 (c-g)) are the 
most effective mediators for lignin degradation. HBT (N-hydroxybenzotriazole) 
(Figure 1.10 (c)) is the most efficient N-heterocyclic compound (Riva, 2006).  
 
Figure 1.10 (a) 3-HAA, (b) ABTS, (c-g) N-heterocycles, (g) TEMPO (Riva, 2006) 
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Studies showed that, depending on their chemical structure, mediators follow three 
different mechanisms of oxidation: 3-HAA and ABTS follow the electron-transfer 
mechanism; N–heterocycles prefer the radical hydrogen transfer route and contrary 
to these, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) (Figure 1.10 (h))  which is 
involved in partial oxidation of cellulose and other polysaccharides, follows a 
different route, employing ionic oxidation (Riva, 2006). 
Along with other Pycnoporus species, P. sanguineus produces all three 
phenoxazinone derivative pigments (Figure 1.1), CA (2-amino-3-oxo-3H-
phenoxazinone-1,9-dicarboxylic acid, C14H10N2O6), cinnabarin (2-amino-9-
hydroxymethyl-3-oxo-3H-phenoxazinone-1-carboxylic acid, C14H10N2O5) and 
tramesanguin (2-amino-1-formyl-3-oxo-3H- phenoxazinone-1,9-dicarboxylic acid, 
C14H12N2O5) (Achenbach et al., 1991, Sullivan et al., 1971, Eggert et al., 1995). 
When glucose is the carbon source, P. sanguineus produces a characteristic red 
pigment, CA, which gives orange-red color to the fruiting bodies of the fungus and 
serves as an antimicrobial agent (Temp et al., 1999, Eggert et al., 1995). 
The oxidative reaction mechanism of 3-HAA and ABTS are supposedly the same or 
very similar. The oxidative reaction of laccase in the presence of ABTS is as follows: 
laccase is activated by oxygen and the mediator is oxidized by the activated enzyme; 
then the oxidized mediator diffuses into the lignocellulosic compound and oxidizes 
lignin by breaking it down to smaller pieces (Leonowics et al., 2001).  
In the presence of 3-HAA (C7H7N2O3), laccase activity on the non-phenolic dimers 
results in a 6-electron oxidation of 3-HAA through highly reactive intermediates, 
such as quinone imines. The o-quinone imine is the first intermediate after a one 
electron abstraction from 3-HAA. Consequently, the phenoxazinone derivative 
orange-red CA pigment with antimicrobial properties is formed by the oxidation of 
3-HAA (Eggert et al., 1995, 1996, Temp et al., 1999).  
3-HAA has been found in bacteria, yeast, fungi, plants and mammals. The 3-HAA 
metabolism is slightly better established in P. cinnabarinus. In fungal metabolism of 
the aminophenol 3-HAA is commonly found as an intermediate of the kynurenine 
pathway, in which tryptophan is first metabolized to kynurenine and through 3-HAA, 
finally to NAD (Lia et al., 2001).  
 23
3-HAA is a tryptophan metabolite which is metabolized into cinnabarinic acid (CA) 
by human erythrocytes. This process takes place in many different organs, for 
example in liver and brain. 3-HAA which is a significant precursor of NAD is 
metabolized by oxyhaemoglobin and methaemoglobin in human erythrocytes and not 
by catalase. Figure 1.11 shows that 3-HAA (I) is oxidized into its reactive 
intermediate which is o-Quinoimine (II) and by polymerizing with 3-HAA, CA (III) 
is produced. Because tyrptophan metabolites tend dot increase in the red cells of 
diabetic patients, it is likely that there is CA accumulation in their blood cells 
(Tomoda et al., 1984). Ceruloplasmin in mammalian tissues has been shown to 
oxidize a number of o- and p-phenols. It supposedly is a 3-HAA oxidation catalyst 
(Eggert et al., 1995).  
 
Figure 1.11 3-HAA metabolism in human erythrocytes (Tomoda et al., 1984) 
3-HAA is also able to produce CA by autoxidation. At acidic pH, CA formation is 
observed and at alkaline pH p-quinone dimmer formation is observed. Both products 
are observed at pH 7. Even if the formation mechanism is not clear, whether it is 
produced as a result of 3-HAA autoxidation or enzymatic reaction in apocrine 
glands, it is known that the red pigmentation of many Australian marsupials is 
caused by 3-HAA derivatives, especially by CA (Manthey et al., 1988). These 
pigments are also found in various insects and fungi other than Australian marsupials 
(Eggert et al., 1995).  
3-HAA is oxidized by another blue-copper oxidase in Streptomyces antibioticus to 
form the antibiotic actinomycin. Actinomycin like CA is a phenoxazinone derivative 
(Eggert et al., 1995).  
As mentioned earlier, CA, cinnabarin and tramesanguin which are all phenoxazinone 
derivatives differ only in the oxidation states of their substituents. This difference 
might be caused by the oxidative coupling of diverse 3-HAA, having either carboxyl 
group, aldehyde or alcohol as their substituents. The occurrence of aminophenol 
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precursor (3-HAA) used, is dependant on the culture conditions of the strain grown 
(Eggert et al., 1995).  
Very similar to Pycnoporus species producing the pigment CA as a result of 
oxidative coupling of 3-HAA by laccase, Trametes versicolor produced the actinocin 
pigment (2 -amino-4, 6 -dimethyl-3 -phenoxazinone-1, 9 -carboxylic acid) as a result 
of 4-methyl-3-hydroxyanthranilic acid (4-M-3-HAA) oxidation by laccase (Figure 
1.12). Actinocin shows actinomycin antibiotic characteristics. It is a phenoxazinone 
derivative like CA which has a very similar chemical structure (Osiadacz et al., 
1999).  
    
Figure 1.12 Actinocin (on the left) and CA (on the right) produced as a result of 
oxidation of 4-M-3-HAA and 3-HAA respectively, by laccase (Osiadacz et al., 1999) 
The quantification of CA produced as a result of laccase mediated oxidation of 3-
HAA carries a significant importance. When CA produced by Pycnoporus species 
were able to be monitored spectrophotometrically, which was usually a very tough 
process due to separation and solubility problems of pigments formed by these fungi, 
they happened to give an increase in the absorbance around 450 nm (Achenbach et 
al., 1991, Sullivan et al., 1971, Eggert et al., 1995, Temp et al., 1999). As mentioned 
before, CA, cinnabarin, tramesanguin were detected by TLC in the carpophores of P. 
cinnabarinus, P. coccineus, and P. sanguineus. They showed identical visible spectral 
characteristics with the maximum absorption at around 450 nm (Sullivan et al., 1971). 
A multiple-step determination and quantification of CA produced by P. sanguineus 
would be as follows: determination of CA in the culture medium 
spectrophotometrically, TLC analysis of the crude extract, HPLC analysis of the 
bands formed as a result of TLC, mass spectrophotometry following HPLC (Sullivan 
et al., 1971, Eggert et al. 1995).  
Spectrophotometric methods are excellent tools for the measurement of the total 
amount of pigments but the composition of pigments cannot be established using only 
these methods. Thus, liquid chromatography methods such as thin-layer (TLC) and 
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high performance liquid chromatography (HPLC) are applied for the separation and 
quantitative determination of pigments. Reversed-phase separation mode is usually 
applied in the HPLC analysis of pigments. Size-exclusion chromatography can also 
be applied in the HPLC analysis. 
The use of HPLC to determine the pigment(s) produced by various microorganisms 
have been observed.  Some examples are given below. 
The vivid yellow and red pigmentation of the fruit-bodies of several members of the 
Boletales is due to the presence of hydroxylated pulvinic acid derivatives. Initially 
studies on establishing these pigments were done using TLC. Later on, reversed 
phase HPLC and hyphenated techniques (LC-atmospheric pressure chemical 
ionization, APCI) are used. As a result, the pigments responsible for the yellow and 
red colors of the fruit-bodies are separated (Davoli et al., 2002).  
The main pigment in their basidiocarps of L. sulphureus is laetiporic acid. After the 
TLC analysis of the crude extract is done, a chromatographically pure pigment was 
obtained HPLC (Weber et al., 2004). 
A multiple-step method was developed to improve the analysis of polymeric 
phenolics in red wines with a common initial step based on the fractionation of wine 
phenolics by gel permeation chromatography (GPC), different analytical techniques 
were used: high-performance liquid chromatography–diode array detection (HPLC–
DAD), HPLC–mass spectrometry (MS), capillary zone electrophoresis (CZE) and 
spectrophotometry (Guadalupe et al., 2006).  
Two new red pigments responsible for the red color of wine, pyranoanthocyanins, 
were confirmed by electrospray-mass spectrometry and NMR spectroscopy. By 
means of UV–visible spectroscopy the color properties of the pigments were 
characterized. Finally, HPLC–MS analysis confirmed the presence of both 
anthocyanin-derived pigments in red wine (Hakansson et al., 2003).  
Anthocyanin pigments, which are not found in apple juice, were detected in rosé 
cider. HPLC/DAD and LC/ESI– MS analyses confirmed that some of these 
anthocyanin pigments generated in rosé cider during vinification corresponded to 
those formed in a model cider containing anthocyanin and flavan-3-ol in the presence 
of acetaldehyde (Shoji et al., 2002). 
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The stability of some pigment fractions was modified in the presence of reduced 
glutathione. Multiwavelength spectrometry combined with HPLC can be 
successfully used for the study of the stability of pigments of paprika powder 
(Cserhati et al., 2002). 
1.3 Strain Improvement 
Microorganisms as whole cells or their metabolites are used in a wide range of 
industrial applications. The cellular network of a microorganism is very complex. It 
is made of smaller networks, metabolic pathways and each pathway has its own key 
steps. In order to obtain optimum productivity in optimum time out of a 
microorganism, strain improvement is necessary. Strain improvement can be done by 
metabolic engineering which arose as a result of random and directed mutagenesis 
and recombinant DNA technology development. And recently, in order to overcome 
the drawbacks of metabolic engineering, inverse metabolic engineering strategy is 
used for strain improvement.  
1.3.1 Metabolic Engineering 
Definition of metabolic engineering is done as “the improvement of cellular activities 
by manipulation of enzymatic, transport, and regulatory functions of the cell with the 
use of recombinant DNA technology” by Bailey et al. in 1991 (Bailey, 1991). Here 
the word improvement means directed manipulations. Due to the development of 
recombinant DNA technology any heterologous genes can be inserted into the host 
genome and consequently, a wide range of genetic possibilities are produced. But out 
of these many diverse genetic possibilities only one or a very small number of them 
would carry the intended properties. Therefore, effective metabolic engineering 
algorithms should be developed in order to determine the genetic change wished for 
(Bailey et al, 1996). This direct manipulation approach which can be used for the 
overproduction of a diverse number of industrially important metabolite, it is not 
very practical to apply due to various drawbacks. The first drawback is the 
determination of the flux-limiting step of a metabolic pathway. Other than that, the 
pathway of interest should be acknowledged in detail; also the characteristics of the 
pathway of interest and the enzymes in it should be studied in great detail. 
Comprehensive knowledge on the enzyme kinetics and intermediate metabolites 
synthesized in the pathway of interest should be maintained in order to determine the 
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flux-limiting step. And additionally, a high number of stimulus-response experiments 
should be utilized (Bailey, 1991).  
Metabolic engineering manipulations are divided into the following seven categories: 
“recombinant protein production, engineering of microbial substrate utilization, 
gaining of new biosynthetic and catabolic properties, altering cellular physiology to 
improve microbial processes, reduction in by-product formation and yield and 
productivity improvement” (Petri, 2004). For each modification to take place, 
synthesis of improved strain is obtained first, then the examination of the strain 
performance in the desired conditions is done and then, further optimization of the 
strain is utilized (Nielsen, 2001; Petri et al., 2004).  
Using genetic engineering principles, more complex metabolic networks are 
considered to be explained and/or building of new networks over the original ones 
are studied. This process is called the “constructive metabolic engineering”. 
Constructive metabolic engineering possesses the drawbacks mentioned above; 
therefore “inverse metabolic engineering” method is utilized to overcome these 
drawbacks (Bailey et al., 1996). 
Inverse metabolic engineering includes a method called “evolutionary engineering” 
in which natural evolution is utilized as a tool of metabolic engineering for new 
strain development strategies (Gill, 2003).  
1.3.2 Evolutionary Engineering 
A precise definition of inverse metabolic engineering is “the elucidation of a 
metabolic engineering strategy by: first, identifying, constructing, or calculating a 
desired phenotype; second, determining the genetic or the particular environmental 
factors conferring that phenotype; and third, endowing that phenotype on another 
strain or organism by directed genetic or environmental manipulation” (Bailey et al., 
1996).  
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Figure 1.13 Information flow in “inverse metabolic engineering” (Bailey et al., 
1996) 
The desired phenotype is determined as a starting point in inverse metabolic 
engineering, then using various genetic strategies (such as DNA microarray and gene 
sequencing) the genotype underlying is obtained, and then finally this genotype is 
transferred to a specific industrial host or to the natural host itself. Identifying the 
genetic basis of the desired phenotype is the key point in inverse metabolic 
engineering method (Sauer et al., 2001). Consequently, genetically modified 
industrial organism with the desired phenotype is produced (Figure 1.13) (Bailey et 
al., 1996, Gill, 2003). And if not, “alternatively, further laboratory evolution may be 
pursued and the IME approach executed recursively until the desired phenotype is 
obtained” (Figure 1.14) (Gill, 2003). This way the evolutionary engineering concept 
was developed, in which natural evolution is utilized as a tool of metabolic 
engineering for new strain development strategies (Gill, 2003). 
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Figure 1.14 Inverse metabolic engineering methods are utilized until obtaining the 
phenotype in the desired strain (Gill, 2003) 
 
Figure 1.15 The natural adaptation and evolutionary engineering strategies for the 
adaptation of microorganisms to environmental changes are given. “Selected 
methods and mechanisms are separated with respect to their level of complexity, 
ranging from individual proteins to whole cells and communities as schematically 
shown in the central triangle.” (Petri et al., 2004) 
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Evolution of microorganisms involves natural adaptation followed by natural 
selection by gaining novel characteristics and adapting to the environmental 
conditions. In rational design, the analysis of one or a few phenotypes at a time, the 
evolutionary cell engineering cycle starts with the creation of a variant cell 
population followed by selection or screening for desired phenotypes in conceptual 
analogy to the process of directed protein evolution” (Petri et al., 2004). The classical 
strain selection was traditionally obtained by “classical strain improvement or 
selective breeding”, which is a result of repeated rounds of random mutagenesis 
and/or recombination followed by direct selection of the desired phenotypes on agar 
plates containing a challenging agent basically (Petri et al., 2004). Most desired 
phenotypes cannot be selected using this simple selection method. Also repeated 
rounds of mutagenesis may result in the accumulation of unwanted mutations, 
leading to a crippled strain formation. Therefore recombination followed by 
continuous selection is a much successful way of obtaining desired strains (Sauer, 
2001). 
Mutagenesis and recombination can provide genetic diversity to a population which 
leads it to natural adaptation to various environmental/culture conditions and as well 
as speed up the evolutionary process. Mutability itself can be altered by various 
conditions. Inducing spontaneous mutagenesis, chemical and radiation treatment, 
utilizing mutator strains, tagged mutagenesis and in vivo recombination are 
conditions which enhance mutability of a strain (Sauer, 2001).  
The most frequently used mutagenesis treatments in evolutionary engineering studies 
are chemical mutagenesis or radiation treatment. They can easily be employed on 
almost any organism and resulting in base transitions, frame-shifts or deletions of 
considerable lengths. The chemical mutagens utilized often are ethyl methane 
sulphonate (EMS) and nitroso-methyl guanidine (NTG). And radiation treatment is 
done by UV. EMS is regularly used in order to increase genetic variability through 
acting on GC-rich regions of the genome, mostly on G-rich regions (Sonderreger et 
al., 2003, Sauer, 2001, Çakar et al., 2005). Determining the mutation frequency and 
dosage is a significant element in order to keep the survival rates as high as possible 
and to circumvent the occurrence of suboptimal mutagenesis (genetic diversity will 
not be accomplished) and overdose of mutagenesis (overdose can be lethal) (Sauer, 
2001).  
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Selection strategies are done in accordance with natural evolution. To provide the 
conditions of production in which the desired phenotype will be used is the key point 
to be determined in selection processes. Selection methodologies of evolutionary 
engineering studies include natural evolution, solid media, batch and chemostat 
selections (Sauer, 2001, Şeker, 2003). 
According to the rules of evolution, species are evolved by random variations which 
are followed by natural selection in which the fittest species are selected. These 
fittest species survive, reproduce and pass on their genetic material to the future 
generations (Sauer, 2001, Şeker, 2003).  Consequently, genome of an organism 
possesses the knowledge for survival in its current environment and also has the 
capacity of developing new functions which will allow it to survive under new 
environmental conditions (Şeker, 2003). It has been observed that even in the 
simplest cultivation systems evolutionary adaptation of species to their changing 
environment occurs. This explains how wild type strains of various organisms taken 
from nature, adapt to their laboratory conditions. This characteristic of evolutionary 
adaptation is known as “periodic selection”, referring to “the periodic appearance 
and subsequent exponential take-over of the population by variants with a selection 
advantage over the currently present cells” (Sauer, 2001). These mutations are 
neutral mutations. They continue to occur with the same linear frequency in the 
adaptive mutant organism, until another advantageous mutation comes up (Sauer, 
2001).  
Selection of mutants on solid media is commonly used because it enables the 
examination of growth as a zone around the colony as a result of diffusing product, 
or change in the color due to coupled reactions. But this simple selection technique is 
pretty ineffective for selection of complex phenotypes that requires more than one 
mutation (Sauer, 2001). Also the selection of most desired phenotype from a solid 
plate might not be successful when transferred into bioreactor because the conditions 
of bioreactor are not included during selection (Sauer, 2001).  
In liquid media, as a result of adaptation by selection, fitter variants in a specific 
environment evolve over time and they take over the parental population. This is 
usually observed in batch cultures. Significant changes that take place in the batch 
culture are important elements of selection. Due to the change in the environmental 
conditions from plenty to shortage, cells are exposed to varying periods of growth 
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and resting upon serial transfer. Consequently selection of the evolved strains is very 
important, as identical selections will unavoidably lead to different variants (Sauer, 
2001, Şeker, 2003). In continuous cultures which are mostly chemostat, the 
environmental conditions do not change. The selective element in the continuous 
cultures is the growth rate because or the concentration of a limiting nutrient. 
Consequently, the variation on growth parameters and other environmental 
conditions can be studied in a well-acknowledged continuous culture (Sauer, 2001, 
Şeker, 2003). 
As mentioned earlier, the key point in inverse metabolic engineering method is 
identifying the genetic basis of the desired phenotype is (Sauer, 2001). Traditionally 
conventional gene sequencing is used to determine the genetic basis of the desired 
phenotype. The analysis of plasmid-based genomic libraries or evaluating gene 
disruption libraries can be utilized. But there are drawbacks. They can be costly and 
time consuming, also it is not easy to ensure that all relevant genes are identified or 
repeated sequencing of the same insert is avoided (Gill, 2003). 
Inverse metabolic engineering approaches specifically requires the identification of 
only one or one set of genetic targets that can yield a desired particular phenotype. 
This is extremely difficult. But at least, inverse metabolic engineering has an 
advantage of initiating of a design process with a known (new, desirable) phenotype 
(Bailey, 1996).  
Techniques providing information at nucleic acid and/or protein level should be 
utilized determine the genotype underlying the desired phenotype. A common first 
step is to determine which genes are expressed at higher or lower levels in the 
phenotype of interest relative to a control strain. This can be done at level of 
differences in mRNA (cDNA) populations of proteins by cDNA scanning. Also 
utilizing two dimensional electrophoresis of proteins provides extremely detailed 
information about proteins of the phenotype of interest. Also N-terminal sequencing 
and mass spectrometry of proteins can be used. But mainly DNA sequencing and 
reverse transcript PCR are techniques favored to identify the genetic basis of the 
desired phenotype (Bailey, 1996). These techniques can easily be utilized by nearly 
every lab with necessary equipment and staff, but still they have some limitations 
such as sensitivity, speed, and, perhaps most importantly, cost. Development of 
nanotechnological methods can overcome these problems. “All-in-one instruments 
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built onto silicon chips can provide increased sensitivity of protein detection and 
offer improved throughput and speed for nucleic acid analysis. Furthermore, existing 
manufacturing techniques for computer chips will potentially provide the end-user 
with cheap and simple technologies for inverse genetics” (Bailey, 1996).  
Advances in genomics technologies, including DNA microarrays and gene 
sequencing, have enhanced the ability to relate changes in phenotype with associated 
changes in genotype. DNA microarray is a very efficient method for identifying the 
genotype of a particular phenotype. A library of cell variants is created in which 
specific genes are interrupted by DNA sequences that make possible the 
identification of the insertion sites through the use of DNA microarrays. 
Consequently, these libraries can be mixed, grown in competition in selective 
environments, and population changes monitored by a microarray (Gill, 2003).  
Extrachromosomally based genomic libraries, for example plasmid-based libraries 
can also be used in order to identify the genes which are overexpressed or mutated to 
give the specific desired phenotype (Gill, 2003).  
Whole genome shuffling has recently been demonstrated as an efficient new 
evolutionary whole-cell engineering approach. Evolutionary engineering, and 
especially genome shuffling methods, can increase the knowledge upon metabolic 
networks and their regulation. “Selected phenotypes from shuffling experiments are 
very likely to have altered network regulation, rebalanced fluxes, altered transport 
mechanisms and/or increased substrate availability. Combined with high-throughput 
genome sequencing, transcriptional profiling, gene-trait mapping, modern tools for 
flux analysis and bioinformatics approaches, the analysis of shuffled phenotypes 
selected under different conditions will feedback to these approaches and provide 
data about the underlying molecular mechanisms of metabolic networks.” (Petri, et 
al., 2004).  
1.4 The Aim of the Study 
The aim of this study was to select for mutant P. sanguineus strains with increased 
pigment production under light exposure by using evolutionary engineering 
methodology. The chemical mutagen EMS was used in order to increase the genetic 
diversity of the starting population, prior to exposure to light. Consequently, mutant 
populations with high or early pigment production were to be obtained. 
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Concomitantly, determination and quantification of extracellular pigments produced 
in parallel with laccase activity were aimed by developing a HPLC analysis method.  
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2. MATERIALS AND METHODS 
2.1. Materials 
2.1.1 Fungal strain 
White-rot fungus Pycnoporus sanguineus MUCL 38531 was kindly provided by 
Sophie Vanhulle, Université Catholique de Louvain, Belgium.  
2.1.2 Fungus culture media 
2.1.2.1 Composition of the solid medium 
Potato Dextrose Agar (PDA) composition 
Potato Infusion (dehydrated) 4 g 
Dextrose 20g 
Agar      15 g 
per liter of distilled water. 
2.1.2.1 Composition of the liquid medium 
Glucose  10g 
Soytone peptone  10g 
Trace metals*  1ml 
MnSO4  0.0338 g 
per 1 liter of distilled water. 
pH adjusted to5.0 using acetic acid. 
(*) Trace metals:  
20 mM FeSO4, 40mM Nacitrate, 1mM CuSO4, 5mM ZnCl2, 20mM MnSO4, 50mM 
MgCl2 , 5mM CoCl2, 0.1 mM NiCl2, H2O, 0.5 mM (NH4)Mo7O24.H2O; pH adjusted 
to 2 using HCl. 
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2.1.3 Chemicals 
Acetonitrile was obtained from Riedel-de Haen (Germany). 
Asetic acid was purchased from Riedel-de Haen (Germany). 
Ammonium sulfate was obtained from Riedel-de Haen (Germany).    
L-asparagine monohydrate was purchased from Merck (Germany). 
2,2-azino-bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS) was obtained from 
Sigma –Aldrich (Germany). 
Bacteriological peptone was purchased from Acumedia (USA). 
Copper sulfate was obtained from Merck (Germany). 
D-biotin was purchased from Fluka (Switzerland).  
Boric acid was obtained from Merck (Germany). 
Calcium chloride dihydrate was purchased from Riedel-de Haen (Germany).   
Citric acid was obtained from Riedel-de Haen (Germany).   
Cobalt chloride hexahydrate was purchased from Riedel-de Haen (Germany).   
Copper sulfate pentahydrate was obtained from Merck (Germany). 
Diammonium tartarate was purchased from Sigma-Alderich (Germany). 
2,6-dimethoxyphenol (DMP) was obtained from Fluka (Switzerland). 
Di-sodium hydrogen phosphate dihydrate was purchased from Merck (Germany) 
Ethyl methane sulfonate (EMS) was obtained from Sigma – Aldrich (Germany).   
Folic acid was purchased from Fluka (Switzerland). 
Glucose was obtained from Riedel-de Haen (Germany). 
Glycerol was purchased from Carlo Erba (Italy). 
Hydrochloric acid was obtained from Merck (Germany). 
3-Hydroxyanthranilic acid was purchased from Sigma – Aldrich (Germany). 
Laccase was obtained from Agaricus bisporus Fluka (Switzerland). 
Glycine was purchased from Merck (Germany). 
Hydrogen peroxide was obtained from Merck (Germany). 
Iron chloride was purchased from Riedel-de Haen (Germany).   
Iron sulfate heptahydrate was obtained from Riedel-de Haen (Germany).   
Magnesium chloride hexahydrate was purchased from Carlos Erba (Italy). 
Magnesium sulfate was obtained from Riedel-de Haen (Germany). 
Magnesium sulfate heptahydrate was purchased from Riedel-de Haen (Germany). 
Malt extract was obtained from Merck (Germany). 
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Maltose was purchased from Merck (Germany). 
Manganese sulfate was obtained from Merck (Germany).  
Methanol was purchased from Riedel-de Haen (Germany). 
Niacinamide was obtained from Riedel-de Haen (Germany).   
Nickel chloride hexahydrate was purchased from Lachema (Czech Republic).   
1, 4-p-benzoquinone was obtained from Sigma – Aldrich (Germany). 
D-pantothenic acid hemicalcium salt was purchased from Fluka (Switzerland). 
PDA was obtained from Acumedia (USA).  
Potassium dihydrogen phosphate was purchased from Fluka (Switzerland). 
Di-potassium hydrogen phosphate was obtained from Merck (Germany). 
Pyridine was purchased from Riedel-de Haen (Germany). 
Riboflavin was obtained from Fluka (Switzerland). 
Rice (various brands were used). 
Sodium chloride was purchased from Riedel-de Haen (Germany). 
Tri-sodium citrate dihydrate was obtained from Riedel-de Haen (Germany).   
Sodium hydroxide was purchased from Riedel-de Haen (Germany). 
Sodium molybdate dihydrate was obtained from Merck (Germany). 
Sodium tartarate dihydrate was purchased from Panreac (Spain). 
Sodium thiosulfate was obtained from Merck (Germany). 
Soytone peptone was purchased from Becton Dickinson (USA). 
Sulfuric acid was obtained from Reidel-de Haen (Germany) 
Tartaric acid was purchased from Riedel-de Haen (Germany). 
Thiamine-HCl was obtained from Fluka (Switzerland). 
Tween 80 was purchased from Merck (Germany). 
Veratryl alcohol was obtained from Merck (Germany). 
Yeast extract was purchased from Lab M (UK).  
Zinc chloride was obtained from Merck (Germany). 
Zinc sulfate heptahydrate was purchased from Riedel-de Haen (Germany). 
 
 
 
 38
2.1.4 Buffers and Solutions 
ABTS in tartaric acid buffer 2.5 mM 
2,6-dimethoxyphenol (DMP) 25 mM 
Glycine-HCl buffer (pH 3 - adjust with HCl  50 mM 
Glycerol % 60 (v/v) 
H2O2 10 mM 
Manganese sulfate 5.0 mM 
Sodium chloride % 0.09 (w/v) 
Sodium phosphate buffer 20 mM, pH 2.5 
Sodium phosphate buffer 200 mM, pH 3.0 
Sodium phosphate buffer 200 mM, pH 7.0 
Sodium thiosulfate % 10 (w/v) 
Tartaric acid buffer (pH 4.0 – adjusted with 
NaOH) 
0.05M 
Tartaric acid buffer (pH 3.0 – adjusted with 
NaOH) 
0.1 M 
Tween 80 % 0.1 (v/v) 
Veratryl alcohol 500 μl 
2.1.5 Laboratory Equipment 
Autoclave Nüve OT 4060 Steam Sterilizer (Turkey) 
 Tuttnauer 2549 ML (Switzerland) 
 Tuttnauer 3870 ELVC (Switzerland) 
Balances Precisa XB620C (Germany) 
 Precisa XB220A (Germany) 
Centrifuge Avanti J-30I Beckman Coulter (Germany) 
Rotor JA-30.50 Ti Beckman Coulter (Germany) 
Deep Freezers  - 20 ºC Arçelik (Turkey) 
 - 80 ºC New Brunswick Scientific U410 
Premium (England) 
Desiccator 240/16 
Fume hood WALDNER Firmengruppe (Germany) 
Glass rods Boru Cam 
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Incubator Memmert UM400 (Germany) 
 Nüve EN400 (Turkey) 
Laminar flow Faster BH-EN2003 (Italy) 
Magnetic stirrers Labworld (Germany) 
 Velp Scientifica (Italy)  
Microfuge Beckman Coulter (Germany) 
Micropipettes  Eppendorf AG (Germany) 
Orbital Shaker incubators Shell lab 1575R-2E (USA) 
 Thermo Electron Corporation (USA) 
pH-meter Mettler Toledo MP220 (Switzerland)     
 WTW Wissenschaftlich-Technische Werkstätten 
GmbH (Germany) 
Refrigerator + 4 ºC Arçelik (Turkey) 
Separatory funnel Isolab (Germany) 
UHQ  Elga Labwater (USA) 
UV-Visible Spectrophotometers   Perkin Elmer Lambda 25 (USA) 
 Shimadzu UV-Pharmaspec 1700 (Japan) 
Vacuum flask fitler Boru Cam, pore size 2µ (Türkiye) 
Vacuum jar  Sanko Plastic (Japan) 
Vortex Heidolph Reax top (Germany) 
Waring blender                              Waring Products (USA) 
The High Performance Liquid 
Chromatography (HPLC) 
System: 
 
HPLC  Shimadzu Class VP (Japan) 
Auto injector  Shimadzu SIL-10AD VP (Japan) 
Column oven Shimadzu CTO-10AC VP (Japan) 
Degasser Shimadzu DGU-14A (Japan) 
Liquid chormatograph Shimadzu LC-10AD VP (Japan) 
System controller Shimadzu SCL-10A VP (Japan) 
UV-vis detector Shimadzu SPD-10A VP (Japan) 
Aminex HPX-87H column, 300 
x 7.8 mm 
Bio-rad (USA) 
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Delta-PAK C18 5µ Waters (USA) 
Maxsil ODS-2 5µM column Phenomenex (USA) 
Synergi 4µ Polar-RP column Phenomenex (USA) 
2.2. Methods 
2.2.1 Solid medium cultivation  
P. sanguineus cultures were delivered in slant agar tubes from Université Catholique 
de Louvain, Belgium. They were then cultivated on PDA plates with wood chips on 
them and incubated for approximately 7 days at 28°C. The wood chips were then 
taken out of the PDA plates and were placed in screw top tubes which were stored at 
-80°C. Before spore formation, the wood chips were placed and/or smeared on plates 
containing PDA and were incubated for approximately 7 days at 28°C.  
2.2.2 Spore formation 
The wood chips were placed and/or smeared on PDA plates and were incubated for 
approximately at 28°C for 7 days. Rice was placed in Buchner funnels covered with 
double layer cheese cloth and washed with distilled water until the filtrate is clear 
and the rice is white. Approximately 140-150 mg of washed rice was then placed in 
each Fernbach flask covering the bottom of the flask and autoclaved. PDA pieces cut 
from the growing edge of the mycelium were removed from the plate and placed in 
the center of the flask, on the sterile rice. Flasks were incubated for 10-15 days at 
28°C.  
The rice should be kept moist, therefore there has to be enough humidity in the 
flasks. To keep the rice moist, an adequate amount of autoclaved distilled water 
(approximately 5-10 ml) was added to the flasks every other day during the 
incubation period. 
2.2.3 Spore harvesting 
The spores covering the surface of the rice in Fernbach flaks were then harvested 
aseptically by extraction with 0.9% NaCl and filtered through six layers of 
cheesecloth placed in Buchner funnels while stirring constantly with a glass rod. The 
spore suspension were kept in sterile 500 ml Erlenmeyer flasks covered with 
aluminum foil to keep the spores away from light at 4°C and washed with 0.9 % 
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NaCl until the color of the supernatant was removed. This procedure took about 7-10 
days. After the supernatant was removed from the flasks, the spore suspensions were 
taken into autoclaved 50 ml falcon tubes which were again covered in aluminum foil 
and kept at 4°C. These spore stocks were considered fresh for 3-4 weeks. 
2.2.4 Media selection 
In order to select the most appropriate medium composition for P.sanguineus, 8 
liquid media obtained by investigating the literature, were used as listed in Table 2.1.  
Table 2.1 Media compositions used in media media selection studies 
Medium #1 
 
20 g maltose, 1.84 g diammonium tartarate, 2.3 g disodium tartarate, 
1.33 g KH2PO4, 0.1 g CaCl2.H2O, 0.5 g MgSO4.7H2O, 0.07 g 
FeSO4.7H2O, 0.046 g ZnSO4.7H2O, 0.035 g MnSO4.H2O, 0.007 g 
CuSO4.5H2O, 1.0 g yeast extract and vitamin solution (D-biotin 2 mg, 
D-pantothenic acid hemicalcium salt 0.2 mg, folic acid 0.2 mg, 
niacinamide 40 mg, thiamine-HCl 40 mg, p-aminobenzoic acid 20 mg 
and riboflavin 20 mg) per liter of distilled water. 
Medium #2 
 
10 g glucose, 3.0 g L-asparagine monohydrate, 0.5 g MgSO4.7H2O, 
0.5 g KH2PO4, 0.6 g K2HPO4, 0.4 mg CuSO4.5H2O, 0.09 mg 
MnCl2.4H2O, 0.07 mg H3BO3, 0.02 mg Na2MoO4.2H2O, 1.0 mg FeCl3, 
3.5 mg ZnCl2, 0.1 mg Thiamine - HCl and 5.0 μg Biotin per liter of 
distilled water. 
Medium #3 
 
55 g glucose monohydrate, 17 g bacteriological peptone, 2.5 g 
K2HPO4, 1.027 g MgSO4.7H2O, 31.27 mg CuSO4.5H2O, 55.90 mg 
MnSO4.H2O and 10 mg Thiamine - HCl per liter of distilled water. 
Medium #4  15 g malt extract, 4.0 g yeast extract and 40 g glucose per liter of 
distilled water. 
Medium #5 20 g malt extract, 1.0 g peptone and 15 g glucose per liter of distilled 
water. 
Medium #6 
 
10 g glucose, 10 g soytone peptone, 1 ml trace metals solution, 0.2 
mM MnSO4 per liter of distilled water and pH adjust with acetic acid 
at 5.0 [Trace metals solution: FeSO4.7H2O 20mM, C6H5Na3O7.2H2O 
40mM, CuSO4.5H2O 1mM, ZnCl2 5mM, MnSO4.H2O 20mM, 
MgCl2.6H2O 50mM, CoCl2.6H2O 5mM, NiCl2.6H2O 0.1mM, 
(NH4)6Mo7O24.4H2O 0.5mM (pH 2 - adjust with HCl)]. 
Medium #8  200 g Boiled potato, 20 g dextrose (glucose) per liter of distilled water. 
Medium #9  15 g malt extract, 4.0 g yeast extract and 4.0 g glucose per liter of 
distilled water. 
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2.2.5 Shake flask cultivation 
The selected media composition: 
Glucose  10g 
Soytone peptone  10g 
Trace metals *  1ml 
MnSO4  0.0338 g 
per 1 liter of distilled water. 
pH adjusted to 5.0 using acetic acid. 
(*) Trace metals:  
FeSO4.7H2O 20mM, C6H5Na3O7.2H2O 40mM, CuSO4.5H2O 1mM, ZnCl2 
5mM, MnSO4.H2O 20mM, MgCl2.6H2O 50mM, CoCl2.6H2O 5mM, 
NiCl2.6H2O 0.1mM, (NH4)6Mo7O24.4H2O 0.5mM; pH adjusted to 2 using HCl. 
The spore stocks (108 spores/ml) were used to inoculate autoclaved 100 ml liquid 
medium in 500 ml Erlenmeyer flasks. The fungal cultures were grown in a rotary 
shaker (150 rpm) at 28 oC.  
Daily samples of 300 µl were drawn from each flask in order to determine the 
enzyme activity. 
2.2.6 Subculturing 
Sub-culturing was preferably done in the earlier stages of the cultivation period. A 
moderate amount of pigmentation was observed and sub-culturing was done in the 
subsequent 24 hours. That 24 hour was important for the adaption of the organism to 
its culture conditions while producing pigment. At the end of the 24th hour, sub-
culturing was done by blending the cultures momentarily using a commercial Waring 
blender, and 1ml withdrawn from each blended culture was used for inoculating 100 
ml of sterile fresh liquid medium in each 500 ml Erlenmeyer flask.  
Additionally approximately 100µl of blended culture was used to inoculate PDA 
plates which were then used for spore formation of each generation produced.  
2.2.7 Enzyme activity determination 
Samples of drawn from each culture flask (300 µl) were centrifuged for 30 minutes 
at 12500 rpm. Enzyme activities were monitored on PerkinElmer Lambda 25 UV-
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Vis Spectrophotometer (USA) using PerkinElmer UV KinLab version 2.85.00 (USA) 
kinetic assay.  
2.2.7.1 Laccase activity determination 
The laccase assay used a tartaric acid buffer (0.1 M, pH adjusted to 3 using NaOH) 
and a freshly prepared 2.5 mM 2,2-azino-bis 3-ethylbenzothiazoline-6-sulfonic acid 
(ABTS) solution in tartaric acid buffer and samples from the culture flasks. 
Samples withdrawn from each culture flask (300 µl) were centrifuged for 30 minutes 
at 12500 rpm. After warming up the spectrometer, it was calibrated using the blank 
which was 950 µl of tartaric acid buffer. Then  950 µl of tartaric acid buffer, 200 µl 
of ABTS and 50 µl of the supernatant withdrawn from the centrifuged daily sample 
were added in the given order into the sample cuvette (dilution factor of the samples 
were 1/24) and loaded into the spectrometer (wavelength 414 nm, 3 minutes of 
reaction time, 25 °C). As a result of the oxidation of the laccase mediator ABTS by 
laccase, a green color was produced in the cuvette containing the enzyme sample.  
The activity of laccase was determined using the sample absorbance. The sample 
absorbance was obtained by comparing the intensity of the light hitting the detector 
with the cuvette containing only the blank solution and the intensity of light hitting 
the detector with the cuvette containing the sample. After 3 minutes of reading a 
spectrogram was formed. And using the slope (difference in the absorbance/time, 
ΔA/t) of this spectrogram obtained by the sample absorption between the 120-180 
seconds, laccase activity was calculated. The unit enzyme (U/l) activity was 
calculated by the formula given below using the slope of the spectrogram. One unit 
of laccase activity was defined as 1 μmol of ABTS oxidized by laccase per minute. 
Laccase (U/l)= ( (ΔA/t) / ε.d ) . (1x106 µmol/mol) . (V/v)    (2.1) 
where 
ΔA = absorbance change at 414 nm – (dA/dt) 
ε    = extinction coefficient of ABTs at 414 nm – 3600 M-1.cm-1 
d   = light path of the cuvvette container cell (cm) – 1 cm 
V   = total reaction volume (ml) – 1200ml 
v   = enzyme volume (ml) – varies according to the dilution rate 
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2.2.7.2 Lignin peroxidase activity determination 
Lignin peroxidase (LiP) activity was measured by monitoring the oxidation of 
veratryl alcohol at λ = 310 nm in glycine-HCl buffer pH 3.0 (ε = 9.3 mM-1cm-1). The 
spectrophotometer was calibrated using 390 µl of glycine-HCl buffer. Reaction time 
was 2 min at 28°C. One of the quartz cuvettes contained the sample constinting of 
500 µl of veratryl alcohol, 390 µl glycine-HCl buffer, 10 µl H2O2 and 100 µl of 
culture sample, and the other cuvette contained the blank which was 390 µl of 
glycine-HCl buffer. One unit of LiP activity was defined as 1 μmol of veratryl 
alcohol oxidized by LiP per minute.  
2.2.7.3 Mangan peroxidase activity determination 
The mangan peroxidase (MnP) activity was assayed by oxidation of 2,6-
dimethoxyphenol (DMP) λ=469 nm at 30 oC  in sodium tartrate buffer (pH 5.0, 
50mM) (ε = 49.6 mM-1cm-1) and 2mM MnSO4. The reaction time was 2 minutes. 
The spectrophotometer was calibrated using 690 µl of sodium-tartarate buffer. One 
of the quartz cuvettes contained the sample consisting of 100 µl DMP, 100 µl of 
MnSO4, 690 µl sodium-tartarate buffer, 10 µl H2O2 and 100 µl of culture sample, and 
the other cuvette contained the blank which was 690 µl sodium-tartarate buffer. One 
unit of MnP activity was defined as 1 μmol of DMP oxidized by MnP per minute. 
2.2.8 Cell dry weight determination 
Membrane filters were dried at 80oC overnight were kept in a desiccator for 
approximately 30 minutes and weighed (W1). Cultures were filtered through 
Buchner funnels covered with pre-weighed membrane filters under vacuum. Filters 
covered with the pellets were dried at 80oC overnight and cooled for thirty minutes 
(W2) in a desiccator prior to weighing. The net weight of the cells (Wn) was 
determined by taking the difference between the two measurements (W2 and W1). 
Each culture flask gave the cell dry weight (g) for 100 ml liquid media, therefore the 
result was multiplied by 10 in order to convert the units fo grams per liter (g/l). 
Wn (g/l) = (W2 – W1) x 10       (2.2) 
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2.2.9 Selection algorithm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure2.1 Algorithm of directed evolution strategy 
2.2.10 Ethyl methyl sulphonate mutagenesis application  
15 ml spore suspensions of P. sanguineus (~10 8 spores/ml) were exposed to various 
amounts of EMS (150 µl, 300 µl) for varying time periods (5, 10, 15, 30 min for 150 
µl and 5, 10, 15 min for 300 µl) (Table 2.2). EMS applied suspensions were 
incubated at 37°C in centrifuge tubes. Mutagenesis was stopped by adding equal 
volume of freshly prepared sodium thiosulfate solution (10% w/v) and the solution 
was vortexed. The spores were then collected by centrifugation and washed twice 
with 0.1 % Tween 80. 500 µl aliquots of mutated spore stocks were kept in 1.5 ml 
microfuge tubes at -80°C in equal volume of 30% (v/v) glycerol to be used for 
To increase genetic diversity,chemical mutagenesis was applied  
to the wild-type strains- Ethyl methane sulfonate (EMS) 
Initial mutant populations were obtained
Batch selection protocols will be applied to these 
populations
Laccase activity and pigment production properties were 
determined  
The individuals of the final mutant populations were 
analyzed 
- Random selection
Laccase activity and pigment production characteristics of 
the mutant individuals were determined  
The results of the mutant populations and individual mutants 
were compared with those of the wild-type 
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selection experiments. The wild type culture stocks were labeled as 100 and the 
mutant culture stocks were labeled as 101. 
Table 2.2 Amount of EMS applied to the spore suspensions and the exposure periods 
EMS amount ( µl) Exposure time (min) 
150 5 10 15 30 
300 5 10 15 
The most genetically diverse stock solution would be the one that shows pigment 
production (which is correlated with laccase activity) with the highest amount of 
EMS content and exposure time. 
2.2.11 Obtaining mutant fungal generations 
Using the 101 stocks prepared, 100 ml of the liquid medim in 500 ml Erlenmeyer 
flasks were inoculated. The fungal cultures were grown in a rotary shaker (150 rpm) 
at 28 oC. Daily samples of 300 µl were withdrawn from each flask in order to 
determine the enzyme activity. 
Subculturing and spore formation from the culture flasks (2.2.6), spore harvesting 
(2.2.3), laccase activity assay (2.2.7.1) and cell dry weight determination (2.2.8) was 
done as in the case of the wild type 100 culture. 
2.2.12 Stress application 
Light stress was applied to wild type 100 and mutant P. sanguineus 101. 10µl of 
spore stock was used for cultivating PDA plates. One plate was placed under 668.45 
lux of daylight at 28 oC and the other one was placed in the incubating room in the 
dark, again at 28 oC. 
The same method was applied to P. sanguineus growing in liquid media. One shake 
flask was grown under light while the other one was grown in the dark. Daily 
samples were drawn from both flasks and laccase analyses of the samples were done 
in order to see the light effect on the organism. 
2.2.13 Selection of mutant populations 
P. sanguineus 101 spores were used for inoculating 100 ml of liquid media. The 
mutant cultures were grown under 668.45 lux of day light at 28 oC in a rotary shaker 
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(150 rpm). The cultures showing earlier or darker pigmentation and high laccase 
activity were selected and sub-cultured as explained earlier (section 2.2.6). 
2.2.13.1 Selection of individual mutants  
After selecting a mutant generation with the desired properties, individuals were 
obtained from this generation by random selection. Spore stock of the selected 
mutant generation was counted. Ten μl was withdrawn from this spore stock solution 
and diluted several times in order to obtain 10 spores in 100 μl (10 μl spores stock 
solution and 90 μl sterile distilled water). The final mixture of spore and water thus 
contained 10 spores in it and after mixing in thoroughly, 10 μl withdrawn from this 
mixture will be containing 1 spore and they will be used for inoculating PDA agar 
plates. After the mycelial growth was obtained on the plates, PDA pieces cut from 
the growing edge of the mycelium were placed on the rice to harvest spores for liquid 
media cultivation.  
2.2.14 Determination of cinnabarinic acid content  
2.2.14.1 Obtaintin a cinnabarinic acid standart 
CA was synthesized according to Manthey, et al. (1990) by slowly adding p-
benzoquinone (400 mg) solution in ethanol (35 ml) using a separatory funnel to 3-
HAA (350 mg) solution in ethanol (200 ml) and stirring for 2 h at 40 °C, then at 
room temperature overnight.  
The solution (with the crystal accumulation at the bottom) was stirred thoroughly and 
was filtered using a vacuum fitler and the retentate (crystals) was washed with 
ethanol. It is important to keep the crystals dry, therefore the retentate was left in the 
vacuum jar under vacuum for approximately 2 hours. 
Pyridine was then added (under the fume hood) to the crystals while heating (boiling 
was avoided). To get rid of the pyridine fumes, CA crystals were placed in a vacuum 
jar and kept under vacuum for approximately 5-7 days (Figure 2.5).  The CA crystals 
were then taken into a dark glass jar or a beaker covered with foil, in order to keep 
them away from light, and were stored at 4°C. 
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2.2.14.2 HPLC analysis of the standart solutions 
In order to determine the CA synthesized extracellularly by P. sanguineus, firstly the 
in vitro oxidation of 3-HAA by laccase into CA was investigated. Stock solutions for 
laccase (100 x) and 3-HAA solutions were prepared according to the Sigma-Aldrich 
Technical Support Team instructions and Eggert, et al. (1995).  
Reaction mixtures are prepared including the following: 
Laccase (100 x stock soln.) 10µl 
3-HAA 15µl 
Na-tartarate buffer (pH 4) 975 µl 
Total reaction volume:  1 ml 
For product analysis, reaction mixtures were incubated for 0 h, 1 h and 6 h at 30°C. 
Each reaction mixture was then loaded into the autosampler. A C-18 reversed-phase 
column (Maxsil ODS-2) was used initially. Mobile phase was methanol (a linear 
gradient of 5% to 100% methanol in H2O). The flow rate was 1 ml/min and then 0.75 
ml at room temperature and the eluant was monitored at 280 nm for 1 hour. 
As an alternative, a new HPLC was tested. The Aminex HPX-87H column which can 
be used to separate various mixtures like carbohydrates in solution with carboxylic 
acids, volatile fatty acids, short chain fatty acids, alcohols, ketones, and many neutral 
metabolic by-products but most often used for organic acids analysis was utilized. 
The mobile phase was a 5µM sulfuric acid – 10% acetonitrile (ACN) mixture, the 
flow rate was determined to be 0.6ml/min. The eluant was monitored at 210 nm for 
20 min.  
As another procedure, a different HPLC column was tested and this time the 3-HAA 
and CA solutions were prepared according to Manthey, et al. (1990). The procedure 
kindly provided by Christopher Todd, Ph.D, Phenomenex Technical Specialist was 
used to determine the 3-HAA and CA peaks. According to this procedure Synergi 
Polar-RP HPLC column with UV-visible detector was used. The mobile phase was 
20 mM phosphate buffer (pH 2.5)/ ACN, with the starting ratio of 75:25, performing 
a gradient elution to 100 % ACN and wavelengths were 254 nm for both 3-HAA and 
CA; 325 nm and 450 nm at room temperature for 3-HAA and CA respectively.  
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3- HAA solution was prepared in ethanol and CA solution was prepared by 
dissolving 2.04 mg of CA crystals in 127 ml of 0.2 M phosphate buffer, pH 7.0 
(Manthey et al., 1990).  
2.2.14.3 Obtaining cinnabarinic acid from the extracellular liquid environment 
During cell dry weight determination, the supernatant obtained upon centrifugation 
was transferred to 50 ml centrifuge tubes, labeled for each generation showing 
pigment production and kept at -20°C. Two ml was withdrawn from each 
supernatant and centrifuged in the microfuge at 13000 rpm for 30 min. The 
supernatants were then removed and they were centrifuged again at 13000 rpm for 
approximately 5 min until no leftover pellets were observed.  
2.2.14.4 HPLC analysis of the cinnabarinic acid  
A random supernatant was chosen as Sample0. Then in the order of 2 µl, 4 µl, 6 µl, 
10 µl and 20 µl of a known concentration of CA (2.03x10-7 M) standard were added 
to 200µl of Sample0 and analyzed. Five µl samples, withdrawn from each sample 
(total volume of 200 µl) placed in the well and inserted into the HPLC column. A 15 
minute run was done at 450 nm wavelength. 
Table 2.3 Sample IDs and total volumes of samples analyzed by HPLC 
Sample ID Sample Volume 
Sample0 200 µl Sample0 
Sample2 Sample0 + 2 µl CA Standard 
Sample4 Sample0 + 4 µl CA Standard 
Sample5 Sample0 + 6 µl CA Standard 
Sample10 Sample0 + 10 µl CA Standard 
Sample20 Sample0 + 20 µl CA Standard 
 
To calculate the concentration of CA in each sample, a calibration curve was 
prepared using the peak areas formed by the analysis of each sample via HPLC. The 
peak areas were automatically calculated by the HPLC system processing for each 
sample analyzed, by taking the area between the beginning point and the ending 
point of each peak. The peak area of each sample equals to the area of the added CA 
standard concentration to the Sample0 (which changes in each addition of known 
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amount of CA standard, due to the change in the total volume of the sample 
produced) and sample0. The calculation below is done for each peak area obtained.  
Areaa = [(2.03x10-7 M CA x a) / (200+a)] + AreaSample0                        (2.3) 
Area of a sample (Areaa) equals to the area produced by amount of CA standard 
concentration (a) in the total sample volume (200+a) added to the AreaSample0. After 
obtaining the peak areas of each sample using the HPLC system processing, the 
Formula 2.3 was used in order to obtain the peak area of each CA standard added the 
Sample0 (Table 2.3). As a result of these calculations, concentration of Sample0 and 
the CA concentration calibration curve for P. sanguineus (Figure 3.23 in Section 3.7) 
were obtained. Using this calibration curve, the CA concentration of any sample 
analyzed in HPLC under the given conditions, could be calculated.  
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3. RESULTS 
3.1. Media selection 
Eight different media compositions were investigated according to literature to 
determine the most appropriate medium in which P. sanguineus would produce high 
amounts of laccase and pigment (Table 3.1). Medium #6 was chosen as the best 
medium for laccase and pigment production among all eight media tested. 
Table 3.1 Medium #6 Composition 
Glucose  10g 
Soytone peptone  10g 
Trace metals 1ml 
MnSO4  0.0338 g 
per 1 liter of distilled water. 
pH adjusted to5.0 using acetic acid. 
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Figure 3.1 Laccase production of P. sanguineus in media compositions used in 
media optimization studies 
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Table 3.2 Pigment formation in different media compositions (yes: +, no: -) 
Medium #
Pigment 
formation
1 + 
2 - 
3 - 
4 - 
5 - 
6 + 
8 - 
9 - 
Laccase activity and activity per cell dry weight (CDW) in medium #6 was the 
highest among all other media (Figs 3.1 and 3.3). As seen in table 3.2, pigment 
formation was observed in media #1 and #6 (Table 3.2) but their biomass formation 
were less than that of the media showing no pigment production (Figure 3.2). The 
color was present from the beginning until the end of the experiment in media #1 and 
#6. As the laccase activity increased in medium #6, the color became darker in the 
culture broth. Pigment production was not observed until laccase activity was 
detected in both media #1 and #6.  
Amongst the three enzymes assayed (LiP, MnP, Laccase) only laccase activity was 
detectable. Laccase activity was observed only in media #1 and #6 significantly. 
 
1 2 3 4 5 6 8 9
0
1
2
3
4
5
6
7
Medium #1
Medium #2
Medium #3
Medium #4
Medium #5
Medium #6
Medium #7
Medium #8
Medium  num ber
C
D
W
 (g
/l)
 
Figure 3.2 CDW of P. sanguineus grown in eight different growth media with 
different compositions for medium selection studies 
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Figure 3.3 Activity per CDW of P. sanguineus in media compositions used in media 
optimization studies 
P. sanguineus showed pigment formation in Medium #1 and Medium #6, the 
organism produced higher levels of laccase only in Medium #6. Therefore Medium 
#6 (Soytone peptone 10g/l, glucose 10g/l, trace metals 1ml, MnSO4 0.2mM; pH 
adjusted to 5.0 with acetic acid) was used for further evolutionary engineering 
experiments. 
3.2. Sub-culturing 
Sub-culturing was preferably done in the early stages of the cultivation period. A 
moderate amount of pigmentation was observed and sub-culturing was done in the 
subsequent 24 hours. Twenty four hours needed to pass after the onset of 
pigmentation, in order to allow some time to the organism to adapt to the culture 
conditions during pigment production. Laccase activities were measured until the 
20th day of cultivation and sub-culturing for each culture and CDW results were 
calculated at the end. 
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Table 3.3 P. sanguineus laccase activities of the control cultures and the sub-cultures 
P. san. 
laccase 
activities 
Control 1 Control 2 Control 3 Sub-culture 1 Sub-culture 2 Sub-culture 3 
0th day 0 0 0 0 0 0 
3rd day 206.47 525.34 446.00 931.34 0,00 452.67 
4th day 608.67 742.67 742.00 936.67 0,00 808.67 
5th day 1215.34 1248.01 1225.34 914.00 39.07 1264.67 
6th day 1628.01 1650.68 1616.68 1064.01 928.00 1665.34 
7th day 1810.01 1685.34 1729.34 1406.01 1113.34 2064.01 
8th day 1864.68 1690.68 1598.01 1563.34 1591.34 2361.68 
9th day 2755.01 2331.68 2155.01 1375.01 1503.34 1986.68 
10th day 3020.02 2438.35 2331.68 1963.34 2430.01 2686.68 
11th day 3021.68 2390.01 229001 2108.34 2680.01 3440.02 
12th day 1950.01 1770.01 1821.68 2136.68 2418.35 3308.35 
13th day 2705.01 2910.02 2318.35 1411.67 1665.01 1985.01 
14th day 2993.35 2796.68 2531.68 2083.34 1705.01 1941.68 
15th day 3200.02 2751.68 2646.68 1750.01 1846.68 2066.68 
16th day 1970.01 2130.01 1783.34 1516.67 1641.68 2098.34 
17th day 2078.34 1961.68 1791.68 1520.01 1765.01 2151.68 
18th day 2001.68 2296.68 1915.01 1953.34 1875.01 2271.68 
19th day 1715.01 1783.34 1730.01 1863.34 2046.68 2006.68 
20th day 1910.01 2065.01 1711.68 1918.34 2091.68 2516.68 
Yellow highlighted areas in Table 3.3 indicate the day when pigmentation began, 
grey highlighted areas indicate the day when the highest laccase activity was 
observed.   
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Figure 3.4 P. sanguineus sub-culturing study laccase activity results  
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Figure 3.5 CDW and Activity per CDW results of P. sanguineus sub-culturing study 
Both control cultures and sub-cultures showed similar laccase activity patterns and 
the activity per CDW was even higher in the sub-cultures (Figure 3.5). 
3.3. Ethyl Methane Sulphonate (EMS) Mutagenesis Application 
Various EMS amounts were applied to the wild type P. sanguineus for various time 
periods in order to increase the genetic diversity, in the starting population for 
evolutionary engineering experiments. 
Table 3.4 Laccase activities of the EMS-mutagenized P. sanguineus cultures 
measured between days 4-13 of cultivation  
P.san 
laccase 
activity 
(U/L) 
culture 
#6 
(300µl/5') 
culture #7 
(300µl/10')
culture #8 
(300µl/15')
culture 
#9 
(150µl/5')
culture #10 
(150µl/10') 
culture 
#11 
(150µl/15') 
Culture 
#12 
(150µl/30')
4th day 0 0 0 0 0 0 0 
5th day 0 14.53 0 442.67 806.67 0 0 
6th day 9.67 369.34 0 690.00 2436.68 0 0 
7th day 49.07 519.34 0 819.34 921.67 156.73 0 
8th day 86.33 660.67 0 847.34 978.01 1040.01 0 
9th day 154.67 1136.01 0 1484.01 1388.67 1956.68 0 
10th day 428.67 1700.01 0 1485.34 1724.01 2094.68 0 
11th day 353.34 1320.67 0 1253.34 1387.34 1780.68 0 
12th day 670.00 2233.35 0 1794.68 1912.01 2490.68 0 
13th day 769.34 2167.34 0 2000.01 2180.68 2960.68 0 
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The yellow highlighted data in Table 3.4 show the first time (day) that a significant 
laccase activity and pigmentation were seen in the culture #7 (300µl/10'), #9 
(150µl/5'), #10 (150µl/10') and #11 (150µl/15').  
Culture #7, #9 and #10 showed earlier pigment production when compared to culture 
#11 but the gradually culture #11 showed higher laccase activity and a darker 
pigmentation (Table 3.4 and Figure 3.6). 
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Figure 3.6 Laccase activities of the EMS mutagenized cultures 
The highest final laccase activity measured, belonged to culture #11 (150µl/15') 
(Figure 3.6). Pigmentation rates were different for each culture (Figure 3.7).      
Initial pigment formation 
    
 
Final pigment formation 
 
culture #7  culture #9   culture #10  culture #11  
(300µl/10')  (150µl/5')    (150µl/10') (150µl/15') 
Figure 3.7 Color change of pigmentation in culture broths 
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Figure 3.8 Plates containing 300µl/10' (top left), 150µl/5' (top right), 150µl/10' 
(bottom left), 150µl/15' (bottom right) 
Cultures #7, #9, #10 and #11 showed uniform growth with pigment production on 
the agar plate (Figure 3.8). Thus, agar pieces were cut from the growing edge of the 
mycelium and inoculated on rice set at the bottom of Fernbach flasks at 28°C for 
spore formation. Spores were then harvested and washed with 0.9% NaCl until the 
color of the supernatant was removed and stocked at -80°C in 30% (v/v) glycerol to 
be used for selection experiments. 
When the laccase activity results of control cultures and the EMS cultures were 
compared, it was observed that the control and EMS 9th culture has similar activity 
patterns (Table 3.5 and Figure 3.9). EMS 11th culture showed significantly high 
laccase activities and as a result its activity per CDW value was the highest amongst 
all EMS cultures (Figure 3.11), but still the control culture had higher laccase 
activity. 
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Table 3.5 P. sanguineus laccase activities of the control cultures and the cultures 
exposed to EMS. 
P. san. 
laccase 
activities 
Control 
1 
Control 
2 
Control 
3 
EMS 7th 
culture 1 
EMS 7th 
culture 2 
EMS 7th 
culture 3 
EMS 9th 
culture 1 
EMS 9th 
culture 2 
EMS 9th 
culture 3 
0th day 0 0 0 0 0 0 0 0 0 
3rd day 206.47 525.34 446.00 23.07 13.13 13.67 970.67 954.01 1231.34 
4th day 608.67 742.67 742.00 632.67 386.67 303.33 646.67 591.34 826.00 
5th day 1215.34 1248.01 1225.34 748.67 607.34 592.67 1222.01 1053.34 962.00 
6th day 1628.01 1650.68 1616.68 1172.67 908.00 842.00 1374.67 1236.01 937.34 
7th day 1810.01 1685.34 1729.34 1042.01 824.00 882.67 1664.01 1480.01 1040.67 
8th day 1864.68 1690.68 1598.01 1219.34 826.00 799.34 1769.34 1598.01 998.67 
9th day 2755.01 2331.68 2155.01 1329.34 899.34 830.67 2095.01 1861.68 1171.34 
10th day 3020.02 2438.35 2331.68 1388.67 942.67 938.67 2318.35 2061.68 1272.01 
11th day 3021.68 2390.01 2290.01 1346.01 940.00 1056.01 2271.68 2056.68 1343.34 
12th day 1950.01 1770.01 1821.68 986.00 692.67 706.67 1658.34 1478.34 992.01 
13th day 2705.01 2910.02 2318.35 1684.01 1112.01 1132.67 2370.01 2258.35 1531.34 
14th day 2993.35 2796.68 2531.68 1521.34 1136.67 1124.01 2451.68 1995.01 1534.67 
15th day 3200.02 2751.68 2646.68 1674.68 1254.01 1255.34 2196.68 2190.01 1574.67 
16th day 1970.01 2130.01 1783.34 1084.01 880.00 917.34 1571.68 1558.34 1086.01 
17th day 2078.34 1961.68 1791.68 1123.34 850.67 845.34 1711.68 1448.34 1060.01 
18th day 2001.68 2296.68 1915.01 1182.01 958.67 926.00 1656.68 1571.68 1166.01 
19th day 1715.01 1783.34 1730.01 974.00 783.34 773.34 1543.34 1526.67 936.00 
20th day 1910.01 2065.01 1711.68 990.67 817.34 783.34 1716.68 1568.34 978.00 
 
EMS 
10th 
culture 1 
EMS 
10th 
culture 2 
EMS 
10th 
culture 3 
EMS 
11th 
culture 1 
EMS 
11th 
culture 2 
EMS 11th 
culture 3    
0th day 0 0 0 0 0 0    
3rd day 19.2 62.4 52.6 30.93 22.87 15.33    
4th day 10.93 153.33 412.67 44.33 41.93 519.34    
5th day 97.33 224.00 838.67 223.33 314.00 514.67    
6th day 262.67 688.00 934.00 192.67 628.67 621.34    
7th day 1390.67 1072.01 985.34 282.67 1252.01 521.34    
8th day 2025.34 1034.67 872.67 470.67 1440.67 664.00    
9th day 2295.01 1190.67 934.67 870.67 1811.68 863.34    
10th day 2360.01 1196.01 937.34 1078.01 2118.34 1109.34    
11th day 2296.68 1257.34 1017.34 1141.34 2103.34 1238.01    
12th day 1615.01 984.00 770.00 827.34 1621.68 966.00    
13th day 2203.34 1506.67 1245.34 1312.01 2388.35 1468.67    
14th day 2075.01 1463.34 1270.01 1326.67 2340.01 1451.34    
15th day 2438.35 1594.67 1330.01 1472.01 2666.68 1493.34    
16th day 1596.68 1114.67 938.67 994.67 1741.68 1058.01    
17th day 1686.68 1164.01 940.67 1104.01 1858.34 1082.67    
18th day 1868.34 1186.01 978.67 1228.01 2175.01 1138.67    
19th day 1861.68 1062.01 895.34 1111.34 2076.68 1059.34    
20th day 1858.34 916.67 896.67 1098.01 2186.68 1072.67    
 
Yellow highlighted areas in the Table 3.5 indicate the first day of pigmentation, grey 
highlighted areas indicate the day when the highest laccase activity was observed for 
each culture.   
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Figure 3.9 P. sanguineus EMS laccase activity results 
Table 3.6 P. sanguineus EMS study CDW results 
Culture name CDW (g/l)
Control 2.84 
EMS 7th culture 2.98 
EMS 9th ulture 2.95 
EMS 10th culture 2.96 
EMS 11th culture 2.60 
control EMS culture 7
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Figure 3.10 P. sanguineus EMS study CDW results 
Table 3.7 P. sanguineus EMS study activity/CDW results 
Culture name CDW (g/l) 
Control 666.73 
EMS 7th culture 289.43 
EMS 9th culture 484.01 
EMS 10th culture 422.77 
EMS 11th culture 562.23 
Control EMS 7
th culture EMS 9th culture EMS 10th culture EMS 11th culture
0
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Figure 3.11 P. sanguineus EMS study activity/CDW results 
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4. Selection conditions 
Cultivation of EMS-cultures of P. sanguineus under light exposure was decided as 
selective condition for increased pigment production. Light was applied to wild type 
100 and mutant P. sanguineus 101 growing on solid media and liquid media. Daily 
samples were withdrawn from both flasks and laccase analysis of the samples was 
done in order to determine if light has any effect on pigment production and/or 
laccase activity.  
 
Figure 3.12 Effect of light on solid 101 cultures; plate on the left is grown in the 
dark, plate on the right is grown under light 
There was a significantly higher growth in the plate grown under light than the plate 
placed in dark. But no pigment production was observed (Figure 3.12). 
Table 3.8 Laccase activities of cultures in dark and under light 
Days Control (Dark) 
Control 
(Light) 
Control 
(Light) 
EMS 11 
(Dark) 
EMS 11 
(Dark) 
EMS 11 
(Light) 
EMS 11 
(Light) 
5 0 0 0 0 0 26.33 0 
6 0 80.00 0 0 0 137.33 263.33 
7 0 396.67 216.73 279.33 37.60 630.00 1091.34 
8 8.73 524.67 554.00 757.34 568.67 607.34 1090.67 
9 286.00 658.67 740.67 1197.34 1618.01 656.67 1294.01 
10 854.67 805.34 645.34 1345.34 2055.34 608.67 1233.34 
11 1401.34 699.34 673.34 1389.34 1887.34 630.67 1198.01 
12 1494.01 654.67 690.00 1400.01 1772.68 621.34 1126.01 
13 2020.01 693.34 698.00 1449.34 1963.34 662.67 1206.67 
 
Yellow (red, dark brown) and grey (dark yellow, orange) highlighted areas in Table 
3.8 indicate the first day of pigmentation for each culture. 
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Figure 3.13 Laccase activities of the cultures in dark and under light 
Control 
(Dark) 
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Figure 3.14 Pigmentation in culture broths at the end of the experiment (day 13 of 
cultivation) 
Laccase activity results and pigmentation amounts do not seem to be correlated on 
the contrary to previous studies. Pigmentation was as dark as the control cultures as 
in the EMS 11th cultures kept under light. One of the EMS 11th culture kept in the 
dark showed higher laccase activity but lower pigmentation color than the EMS 11th 
cultures kept under light (Figures 3.13 and 3.14). 
3.5. Obtaining mutant fungal generations 
Using the 101 stocks prepared, 100 ml of the liquid medium in 500 ml Erlenmeyer 
flasks were inoculated. The fungal cultures were grown in a rotary shaker (150 rpm) 
at 28 oC. Daily samples (300 µl) were again withdrawn from each flask in order to 
determine the enzyme activity, CDW and activity per CDW were also calculated for 
each generation. 
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Table 3.9 Laccase activities of the control culture and all EMS mutagenized 7 
generations 
 Laccase assay was not done on the days given as “–” and after sub-culturing was 
done (Table 3.9).  
The EMS mutagenized 3rd generation showed an earlier pigment production and the 
highest laccase activity observed was very close to that of the control culture, but not 
higher (Table 3.9 and Figure 3.15).  
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Figure 3.15 Laccase activities of the control culture and all EMS mutagenized 7 
generations 
Table 3.10 CDW and Activity per CDW of mutant P. sanguineus strains 
  
1st 
generation 
2nd 
generation 
3rd 
generation 
4th 
generation 
5th  
generation 
6th 
generation 
7th 
generation 
CDW (g/l) 1.55 3.02 2.25 2.90 1.70 2.94 1.43 
Activity/CDW (U/g) 317.30 219.06 323.55 209.58 205.34 17.58 79.15 
 
Laccase 
activities of 
generations 
obtained 
(U/L) 
Control 
(wild 
type) 
EMS 
mutagenized 
1st 
generation
2nd 
generation
3rd 
generation
4th  
generation
5th  
generation 
6th 
generation
7th 
generation
0th day 0 0 0 - - - - - - 
1st day 0 - - - 5.60 8.53 - - - 
2nd day 0 - - - 3.33 1.80 4.73 9.80 2.07 
3rd day 0 - - 266.20 2.87 3.93 3.47 5.73 0.53 
4th day 0 - - 209.33 3.20 7.13 6.07 1.87 1.73 
5th day 0 - 66.80 374.00 4.07 7.40 1.87 0.00 7.80 
6th day 80.00 - 313.33 661.34 217.33 18.00 228.80 0.47 127.33 
7th day 396.67 - 493.34 subcultured 727.34 50.27 226.00 1.80 171.00 
8th day 524.67 477.34 subcultured subcultured subcultured 220.07 370.67 2.80 202.53 
9th day 658.67 subcultured subcultured subcultured subcultured 557.34 348.67 subcultured 174.80 
10th day 805.34 subcultured subcultured subcultured subcultured 526.00 subcultured subcultured 113.27 
11th day 699.34 subcultured subcultured subcultured subcultured 608.00 subcultured subcultured - 
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Activity per CDW values decreased as the generation number increased. Generation 
#3 has the highest laccase activity per CDW (Table 3.10). 
3.6. Determination of cinnabarinic acid content  
In order to determine the CA (cinnabarinic acid) synthesized extracellularly by P. 
sanguineus, the in vitro oxidation of 3-HAA (3-hydroxyanthranilic acid) by laccase 
into CA should be observed. Stock solutions for laccase (100 x) and 3-HAA 
solutions were prepared according to the Sigma-Aldrich Technical Support Team 
instructions and Eggert, et al. (1995). The incubated reaction mixtures containing 
laccase and 3-HAA in Na-tartarate buffer were analyzed initially using a C-18 
reversed-phase column, and a column specified for organic acid analysis was then 
utilized. In both cases, no distinctive peak of CA was obtained.  
The in vitro CA production was ineffective, thus, chemical production of CA was 
experimented. 3-HAA and CA solutions were prepared according to “Mechanism of 
reaction of 3-hydroxyanthranilic acid with molecular oxygen”, Manthey, et al. 
(1990) (Figures 3.16-3.19). The synthesized CA and prepared 3-HAA standards were 
scanned in the spectrophotometer in the range of 190-600 nm to observe the 
maximum absorbance peak for both solutions. 
          
 3-HAA     -slowly adding p-benzoquinone to the 3-HAA solution-     at the end of 
 solution          the additionof p- 
         benzoquinone 
              
 at the end of   while stirring  at the end of  at the end of  
 the addition of    at 40°C   stirring for 2h  cvernight stirring  
 p-benzoquinone     at 40°C   at 40°C 
Figure 3.16 Addition of p-benzoquinone to 3-HAA solution in alcohol and 
accumulation of crystals in the reaction flask 
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retantate washed    washed retentate (crystals)  
with EtOH     dried in the vacuum jar  
Figure 3.17 Crystals formed before the addition of pyridine 
First the crystals dissolved in pyridine and then they recrystallized. This was a very 
quick process; therefore it was crucial not to boil the crystals in pyridine (Figure 
3.18). In order to remove pyridine fumes and to dry the CA crystals vacuuming was 
done for 5-7 days (Figure 3.19). 
      
Figure 3.18 Recrystalized CA crystals  Figure 3.19 Dry CA crystals at  
before vacuuming    the end of vacuuming for 5-7 days 
Table 3.11 3-HAA and CA absorbance at 254, 325 and 450 nm 
λ (nm) Abs3-HAA AbsCA 
254 2.94 0.65 
325 2.67 0.07 
450 0.06 0.68 
CA solution showed the highest absorbance around 254 and 450 nm, while 3-HAA 
showed the highest absorbance around 254 and 325 nm, as stated in the procedure 
kindly provided by Christopher Todd, Ph.D, Phenomenex Technical Specialist 
(Table 3.11). 
The standards prepared were analyzed using a reversed phase HPLC column 
(Synergi Polar-RP Column) performing a gradient elution.  
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Figure 3.20 HPLC peaks of standard solutions of CA and 3-HAA at 325 nm 
  
Figure 3.21 HPLC peaks of standard solutions of CA and 3-HAA at 450 nm 
3-HAA standard showed a distinctive peak at 325 nm, while CA standard did at 450 
nm. A standard did not produce a regular/uniform peak at the wavelength where the 
other one showed its characteristic peak. Thus, in order to determine the presence 
and quantity of CA, further HPLC analyses were done at 450 nm (Figure 3.20 and 
Figure 3.21).  
After continuous use of the Synergi Polar-RP HPLC column for sometime, technical 
problems arose and unreliable results were obtained. Therefore, the same procedures 
were applied using the Delta-Pak C18 HPLC column, which was the only available 
C18 column having similar features with the Synergi Polar-RP HPLC column. 
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3.7. Obtaining and determining CA in the extracellular medium broth 
While obtaining the cell dry weight, supernatant produced was transferred to 50 ml 
centrifuge tubes, labeled for each generation showing pigment production and were 
kept at -20 °C. Two ml was withdrawn from each supernatant and centrifuged in the 
microfuge for 30 min at 13000 rpm. The supernatants were then removed and re-
centrifuged at 13000 rpm for approximately 5 min until no leftover pellets were 
observed. A random supernatant was chosen as Sample0. Then in the order of 2 µl, 4 
µl, 6 µl, 10 µl and 20 µl of a known concentration of CA (2.03x10-7 M) standard 
were added to 200µl of Sample0 and analyzed. 5 µl, drawn from the 200 µl of each 
sample placed in the well, was inserted into the HPLC column. A 15 min run was 
done at 450 nm wavelength. 
The CA (the single peak standing out) standard prepared produced one distinct peak 
in each trial, its purity was thus verified (Figure 3.21). Unlikely, the samples 
produced two peaks. One of the peaks (for each sample) matches the CA peak and 
another one is placed right next to the first one. The second peak produced (for each 
sample) might belong to cinnabarin and tramesanguin which are the two pigments in 
addition to CA, produced by P. sanguineus. 
The areas of the peaks matching the CA standard peak, shown in various colors in 
Figure 3.20, tend to increase, when known concentrations of CA standards were 
added to Sample0. The arrow on the Figure 3.22 shows the increase in the peak area 
of samples starting from Sample0 up to Sample20 (Sample0 + 20 µl CA standard).  
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Figure 3.22 Peak that belongs to the CA standard and the peaks obtained by the 
analysis of samples (Volts per mintues) 
After obtaining the peak areas of each sample using the HPLC system processing, 
the formula given in Section 2.2.14.4 was used in order to obtain the peak area of 
each CA standard added the Sample0 (Section 2.2.14.4). As a result of these 
calculations, the concentration of Sample0 and the CA concentration calibration 
curve for P. sanguineus (Figure 3.23) was obtained. Using this calibration curve, the 
CA concentration of any sample analyzed in HPLC, under the given conditions, 
could be calculated.  
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Figure 3.23 The calibration curve of CA found in the P.sanguineus samples 
(supernatants) 
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A triplicate P. sanguineus 100 set was tested for their laccase and CA production. 
Table 3.12 Laccase activity and CA concentration of Flask 1 
Days 
Activity 
(U/l) 
CA 
Concentration 
(M) Days 
Activity 
(U/l) 
CA 
Concentration 
(M) 
0 0 0 11 140.80 2.19E-07 
1 0 4.72E-09 12 136.93 2.07E-07 
2 225.33 4.95E-09 13 141.13 5.50E-08 
3 467.00 1.12E-08 14 144.60 2.28E-07 
4 414.34 3.80E-08 15 139.73 2.03E-07 
5 474.34 1.70E-07 16 141.33 2.08E-07 
6 455.34 1.46E-07 17 143.27 2.14E-07 
7 473.67 4.70E-08 18 144.00 2.18E-07 
8 356.34 6.60E-08 19 145.27 2.02E-07 
9 155.53 2.06E-07 20 126.87 7.07E-08 
10 139.40 2.11E-07 
The yellow highlighted areas in Table 3.12 show the highest laccase activity and CA 
concentration obtained.  
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Figure 3.24 Laccase activity and CA concentration of Flask 1 
There were significant decreases in the CA concentration on the 13th and 20th days of 
cultivation (Figure 3.25). 
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Table 3.13 Laccase activity and CA concentration of Flask 2 
Days 
Activity 
(U/l) 
CA 
Concentration 
(M) Days 
Activity 
(U/l) 
CA 
Concentration 
(M) 
0 0 0 11 97.93 1.76E-07 
1 1.67 1.88E-09 12 98.73 1.70E-07 
2 96.80 3.77E-09 13 98.33 1.36E-07 
3 144.00 5.77E-09 14 100.67 1.82E-07 
4 151.73 3.16E-08 15 102.33 1.72E-07 
5 187.20 1.36E-07 16 101.00 1.70E-07 
6 201.20 1.25E-07 17 102.93 1.78E-07 
7 298.67 5.90E-08 18 102.67 1.81E-07 
8 198.33 6.71E-08 19 104.07 1.75E-07 
9 93.00 1.75E-07 20 107.73 4.32E-08 
10 96.93 1.70E-07 
The yellow highlighted areas in Table 3.13 show the highest laccase activity and CA 
concentration obtained.  
0
250
500
750
1000
1250
1500
1750
2000
2250
2500
2750
3000
3250
0 2 4 6 8 10 12 14 16 18 20
Days of Cultivation
L
ac
ca
se
 A
ct
iv
ity
 (U
/l)
0,00E+00
5,00E-08
1,00E-07
1,50E-07
2,00E-07
2,50E-07
3,00E-07
3,50E-07
4,00E-07
4,50E-07
5,00E-07
C
A
 C
on
ce
nt
ra
tio
n 
(C
A
)
 
Figure 3.25 Laccase activity and CA concentration of Flask 2 
Again CA concentration decreases were observed on the 13th and 20th days of 
cultivation. The decrease in the CA concentration on the 13th day of cultivation was 
slightly lower that the other two flasks (Figure 3.25). 
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Table 3.14 Laccase activity and CA concentration of Flask 3 
Days 
Activity 
(U/l) 
CA 
Concentration 
(M) Days 
Activity 
(U/l) 
CA Concentration 
(M) 
0 0 0 11 2546.68 4.03E-07 
1 0 1.96E-09 12 2670.01 4.18E-07 
2 2.27 4.41E-09 13 2756.68 1.62E-07 
3 0 3.58E-09 14 2875.01 4.33E-07 
4 2.47 4.75E-09 15 2730.01 4.23E-07 
5 28.13 2.06E-08 16 2831.68 4.28E-07 
6 1058.67 4.13E-08 17 3001.68 4.32E-07 
7 1801.34 7.44E-08 18 2645.13 4.56E-07 
8 1936.68 1.14E-07 19 2628.35 4.22E-07 
9 1906.68 1.29E-07 20 2680.01 1.18E-07 
10 2538.35 4.23E-07 
The yellow highlighted areas in Table 3.14 show the highest laccase activity and CA 
concentration obtained. Pigmentation images are given in Figure 3.41. 
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Figure 3.26 Laccase activity and CA concentration of Flask 3 
Table 3.15 CDW and Activity per CDW of P. sanguineus 101 
 Flask 1 Flask 2 Flask 3 
CDW (g/l) 1.80 2.32 2.66 
Activity/CDW (U/g) 70.40 46.48 1007.52 
The first two flasks showed a direct dark red-brown pigmentation on the 4th day of 
cultivation. However, the third flask showed bright orange pigmentation on the 6th 
day of cultivation and the pigmentation darkened slowly until the 10th-11th day. 
Starting from the 9th day of cultivation for the first two flasks and the 10th day for the 
third flask, laccase activity and CA concentration were relatively constant except for 
the major decreases on the 13th and the 20th day of cultivation (Figures 3.24-3.26).  
 71
The third flask had the highest laccase activity and CA concentration, second flask 
had the lowest. CDW of the second flask is slightly similar to the CDW of the third 
flask; on the other hand, the third flask had a significantly high activity per CDW 
value (Table 3.15).  
The first flask showed its highest laccase activity on the 5th day of cultivation which 
was 474.34 U/l and its highest CA concentration of 145.27x10-7 M on the 19th day. 
The second flask showed its highest laccase activity on the 7th day of cultivation 
which is 298.67 U/l and its highest CA concentration of 1.82x10-7 M on the 14th day. 
The third flask showed its highest laccase activity on the 18th day of cultivation 
which was 3001.68 U/l and its highest CA concentration of 4.56x10-7 M on the 17th 
day. According to these results, the third flask showed a parallel pattern of laccase 
and CA production.  
3.8 Determination of CA content of the selected mutant fungal generation and 
its mutant individuals 
In this set of experiment, a control (wild type), 3rd generation and individuals 
(PS301-PS310) randomly selected from the 3rd generation were analyzed.  
Table 3.16 Pigmentation onset of control, 3rd generation and individual cultures 
 
 
Onset of 
pigmentation 
Days of 
cultivation 
Control 6 
3rd Generation 6 
PS301 2 
PS302 2 
PS303 2 
PS304 2 
PS305 2 
PS306 2 
PS307 4 
PS308 2 
PS309 5 
PS310 2 
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Figure 3.27 Laccase activity and CA concentration of the control culture 
Pigmentation began on the 6th day of cultivation for the control cultures. Because the 
control spore stock was old, they exhibited very poor laccase activities and no 
pigmentation. Therefore the control culture data given here was taken from the last 
experiment done using freshly prepared spore stocks. 
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Figure 3.28 Laccase activity and CA concentration of the 3rd generation culture 
The onset of pigmentation of the 3rd generation was again on the 6th day of 
cultivation. Just like the control spore stock, the 3rd generation spore stock was old; 
therefore they exhibited lower laccase activities and very late pigmentation.  
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Figure 3.29 Laccase activity and CA concentration of PS301 culture 
PS301 has the highest laccase activity amongst the ten 3rd generation individuals. 
The onset of pigmentation was the second day of cultivation.  
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Figure 3.30 Laccase activity and CA concentration of PS302 culture 
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Figure 3.31 Laccase activity and CA concentration of PS303 culture 
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Figure 3.32 Laccase activity and CA concentration of PS304 culture 
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Figure 3.33 Laccase activity and CA concentration of PS305 culture 
PS305 has the highest amount of CA concentration amongst the ten individuals of 
the 3rd generation. The onset of pigmentation for this culture was the second day of 
cultivation like PS301, PS302, PS303 PS306, PS308 and PS310. 
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Figure 3.34 Laccase activity and CA concentration of PS306 culture 
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Figure 3.35 Laccase activity and CA concentration of PS307 culture 
PS307 was the only individual culture which did not show the characteristic dark 
orange- red- dark red pigmentation of P. sanguineus cultures. The color of 
pigmentation only darkened very slightly throughout the 20 days of cultivation 
period. The low laccase activity and CA concentration supports this visible result.  
 76
PS308
0 2 4 6 8 10 12 14 16 18 20
0
400
800
1200
1600
2000
2400
2800
3200
3600
4000
Laccase activity
CA concentration
0.0×10-00
8.0×10-08
1.6×10-07
2.4×10-07
3.2×10-07
4.0×10-07
4.8×10-07
5.6×10-07
6.4×10-07
7.2×10-07
8.0×10-07
Days of cultivation
La
cc
as
e 
A
ct
iv
it
y 
(U
/l)
C
A
 C
oncentration (M
)
 
Figure 3.36 Laccase activity and CA concentration of PS308 culture 
PS08 and PS10 cultures displayed a very dark pigmentation (dark brown) but both 
their laccase activities and CA concentrations are relatively low. But again the onset 
of pigmentation was the second day of cultivation for both of these individual 
cultures.  
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Figure 3.37 Laccase activity and CA concentration of PS309 culture 
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Figure 3.38 Laccase activity and CA concentration of PS310 culture 
The figures (Figure 3.27-3.38) show the laccase activity and CA concentration 
produced by each culture for 20 days of cultivation period. 
The onset of pigmentation is much earlier and the CA concentrations produced are 
much higher than the control culture and the 3rd generation itself. The first six 
individuals (PS301-PS306), PS308 and PS310 started to produce pigments on the 
second day of cultivation, whereas, PS07 and PS09 started producing pigments on 
the 4th and 5th days of cultivation respectively. Daily pigmentation images (day 1-11) 
are given in Table 3.18. There was no visible change of color in the medium broth 
after the 11th day of cultivation; therefore, no pictures were taken after that day. 
Meanwhile, the control culture and the 3rd generation showed pigmentation on the 6th 
day of cultivation. Amongst the ten individual mutants obtained by random selection 
from the 3rd generation spores, PS305 showed the highest CA concentration amount, 
even though PS301 had the highest laccase activity. The control culture (maximum 
laccase activity: 3001 U/l) had slightly higher laccase activity than the PS301 culture 
(maximum laccase activity: 2940 U/l).  
Table 3.17 CDW and Activity/CDW values of the control, 3rd generation and 3rd 
generation individual cultures (PS301-PS310) 
  Control 3rdGen PS301 PS302 PS303 PS304 
CDW 2.66 3.278 2.443 2.154 2.397 1.755 
Activity/CDW 1007.52 55.12 963.98 915.36 800.31 932.58 
  PS305 PS306 PS307 PS308 PS309 PS310 
CDW 2.525 1.66 0.76 0.93 1.45 0.64 
Activity/CDW 767.66 1066.19 236.79 34.81 185.87 4.59 
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Figure 3.39 CDW values of the control, 3rd generation and 3rd generation individual 
cultures (PS301-PS310) 
CDW values of control, PS301, PS302, PS304 and PS305 cultures were very similar.  
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Figure 3.40 Activity/CDW values of the control, 3rd generation and 3rd generation 
individual cultures (PS301-PS310) 
PS306 culture has the highest activity per CDW value. Control, PS301, PS302 and 
PS304 cultures had very similar activity per CDW values, but vaguely lower than 
PS306 culture. 
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Table 3.18 Pigmentation in control, 3rd generation and its individuals starting from 
day 1 to day 11 
 
 
 
 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
Control 
      
3rd 
Generation 
      
PS301 
      
PS302 
      
PS303 
      
PS304 
      
PS305 
      
PS306 
      
PS307 
      
PS308 
      
PS309 
      
PS310 
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 Day 7 Day 8 Day 9 Day 10 Day 11 
Control 
     
3rd 
Generation 
     
PS301 
     
PS302 
     
PS303 
     
PS304 
     
PS305 
     
PS306 
     
PS307 
     
PS308 
     
PS309 
     
PS310 
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4. DISCUSSION AND CONCLUSION 
Ecological and toxicological concerns are pressuring the pigment and dye industries 
to look for environment-friendly ways of obtaining existing and new dyes. Thus, 
there is a return to the natural pigment sources. Plants are said to be good candidates 
for new pigments but fungi and single cell algae are more suitable for 
biotechnological production, because the existing cultivation techniques can be 
applied to them. Given that the stability of Monascus metabolites in food processing 
and the amount of wide range of fungal pigments it produces, fungi would be the 
leading candidates as new pigment sources (Duran, et al., 2002).  
The costly toxicology tests, food legislations, manufacturing costs and consumer 
acceptance are obstacles which hold back the development of new natural pigment 
sources. Fungal pigments will hopefully be accepted by consumers after the 
necessary toxicological testing and comparison with other natural sources and 
synthetic pigments are done.  
In this study, it was aimed to obtain mutant P. sanguineus strains using evolutionary 
engineering strategies. Initially, medium selection studies were done in order to 
obtain P. sanguineus cultures with intended laccase and pigment characteristics. 
Different media compositions were tested according to the literature. P. sanguineus 
strains preferably produce pigments when glucose is the sole carbon source (Temp et 
al., 1999, Eggert et al. 1995). Out of the two medium compositions showing pigment 
production (Media #1 and #6), medium #6 had glucose as the carbon source and 
cultures grown in this medium composition showed significantly higher laccase 
activities when compared to cultures grown in the other media compositions. Thus, 
medium #6 was selected and used throughout the evolutionary engineering studies. 
An evolutionary engineering algorithm was developed to improve pigment 
production or providing early onset of pigmentation by P. sanguineus. As indicated 
by this algorithm, firstly, random mutagenesis was used to enhance genetic 
variability in the P. sanguineus. Mutagenesis was done by exposing the spores to 
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different amounts of EMS for various time periods. EMS was chosen as the chemical 
mutagen because it is easy to purchase and applied on almost any organism (Sauer, 
2001). The culture grown by the inoculation of spores with the highest amount and 
time of EMS exposure (150 µl/15') which had the highest laccase activity and 
pigment production was chosen. Subsequently, this mutant strain was grown under 
selective stress. Selective stress conditions were proposed according to the literature, 
which are pH stress, temperature stress, agitation stress, and light stress. White-rot 
fungi grow under acidic pH favorably. Also the accumulation of the organic acids 
produced in the culture media during cultivation usually drops the pH of the 
environment (Knapp et al., 2001). Hence, pH stress application could not be utilized 
due to the instability of pH during cultivation of the white-rots. The optimum 
temperature for P. sanguineus growth was determined to be between 25-30 °C (Li et 
al. 2001, Eggert et al., 1995 and Smânia et al., 1997). The P. sanguineus cultures 
were grown in the rotary shaker at usually 120-150 rpm (Li et al. 2001 and Smânia et 
al., 1997). Light effect on pigment synthesis of P. sanguineus has proved to be 
positive (Smânia et al., 1997). Thus, light stress was chosen as the selection 
condition. Light stress using 40106.95 lux of daylight was utilized. Selective stress 
yielded earlier pigment production. As a result, a mutant generation with earlier 
onset of pigment synthesis and high laccase activity was produced and generations 
were obtained from this strain. Seven generations were obtained. The second and 
third generations showed very similar laccase activities (slightly lower) to the control 
culture (wild type P. sanguineus) and their initial pigment production were much 
earlier then the control culture (7th day, 5th day and 6th day for control culture, second 
generation and third generation respectively). Even if the pigment production onset 
was earlier in the second generation, third generation had higher laccase activity and 
was chosen because a more diverse and evolved strain was preferred (according to 
the evolutionary engineering concept). Individuals were obtained from the third 
generation. The laccase activity and pigment production properties of the individuals 
(PS301-PS310) were compared to those of the P. sanguineus wild type cultures. 
The highest CA concentration was produced by PS305 culture and PS301 culture 
produced the highest laccase activity amongst the ten individual cultures of the 3rd 
generation. When compared to the control culture PS301 laccase activity was slightly 
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lower, but the difference was not a very significant amount (highest laccase activity 
of control and PS301 were 3001 and 2940 U/l) respectively. 
PS305 duplicate flasks showed the minimum amount of variation which was 
maximum 5% for both laccase activity and CA concentration. PS301, PS303 and 
PS306 had relatively high CA concentrations and laccase activities, but their 
duplicate flasks demonstrated a wide variation. Laccase activity of PS301 flasks had 
a 10% difference and the minimum variation for CA concentration was 6%. In 
PS303 flasks the variations for laccase activity and CA concentration were 34 and 
12% respectively. The minimum differences of the PS306 flasks for laccase activity 
and CA concentration were 31 and 66% respectively.  
PS307 had very low laccase activity and CA concentration; consequently, it was the 
only individual culture which did not show red- dark red pigmentation.  
The content of pigmentation produced by PS308 and PS310 might actually be 
different than the other individuals because the pigmentation they produce was very 
dark in color but it contained very small amounts of CA when compared to the other 
individual cultures.  
While these evolutionary engineering studies were proceeding, synthesis of CA 
standard which is not commercially available and quantitative analysis of the 
extracellular CA produced by P. sanguineus were done. HPLC analysis methods 
were used to measure CA quantitatively.  
Initially, CA standard was tried to be synthesized chemically using the in vitro 
oxidation of 3-hydroxyanthranilic acid (3-HAA) by laccase into CA (Eggert, et al. 
1995). Because 3-HAA did not completely dissolve in the buffer given, this 
procedure did not give satisfactory results. Various C-18 columns and mobile phases 
were tested to determine the CA produced as a result of in vitro oxidation of 3-HAA 
by laccase. Again, the results were unsatisfactory. Hence, chemical synthesis of CA 
according to Manthey, et al. (1990) was used as the CA standard in HPLC 
measurements. A RP HPLC column was utilized first. Synergi Polar-RP HPLC 
column, Phenomenex with UV-visible detector, the mobile phase was 20 mM 
phosphate buffer (pH 2.5)/ acetonitrile, with the starting ratio of 75:25, performing a 
gradient elution to 100 % acetonitrile and the wavelengths were 254 nm for both and 
325 nm and 450 nm at room temperature for 3-HAA and CA, respectively. After a 
while of continuous usage of this column, unreliable results were obtained. Therefore 
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Delta-Pak C18 HPLC column, Waters, which was the only C18 column having 
similar features with the Synergi Polar-RP HPLC column was utilized with the same 
mobile phase, but this time isocratic flow (the starting ratio of 75:25 was kept the 
same throughout each run) was also used.  
Spectrophotometric scans showed that CA standard gave its maximum absorbance at 
450 nm and it produced one distinct peak in each trial, thus it is proved to be pure. 
Using the peak areas produced as a result of each run, a calibration curve for 
obtaining the CA concentration in a supernatant sample was calculated. The 
supernatant samples produced two peaks. One of the peaks (for each sample) 
matches the CA peak and another one is placed right next to the first one. The second 
peak produced (for each sample) might belong to cinnabarin and tramesanguin which 
are the two pigments in addition to CA, produced by P. sanguineus. These two other 
pigments containing phenoxazinone chromophore show identical visible 
characteristics with CA and they all have maximum absorbance at around 450 nm 
(Sullivan et al., 1971).  
Laccase is said to delignify lignocellulosic compound using low-molecular weight, 
high redox potential bearing compounds called mediators such as 3-HAA. In order to 
oxidize lignocellulosic compounds in wood, laccase oxidizes 3-HAA which becomes 
a reactive intermediate molecule providing a means of access to substrate of interest 
in the wood. But it has been showed that 3-HAA-less mutants of P. cinnabarinus can 
degrade lignin efficiently but produce no pigment (Li et al., 2001). Therefore the role 
of 3-HAA cannot be clarified. In previous researches done with various yeast, 
bacteria, mammals and plants, 3-HAA produced as an intermediate compound in the 
kynurenine pathway (Li et al., 2001). However, it is not for sure if 3-HAA is 
synthesized only as an intermediate molecule in the kynurenine pathway in P. 
cinnabarinus because it is proposed that L-kynurenine is first converted to 3-
hydroxy-L-kynurenine which is then converted to 3-HAA by 3-
hydroxykynureninase, just like in plant and animals. Hence, further studies could be 
done on the 3-HAA production pathway in order to reveal the role of 3-HAA in the 
organism’s metabolism. This information could be further used in clarifying the 3-
HAA derivative pigments’ production mechanisms.   
Further studies might include identifying the genetic basis of the desired phenotype 
and applying further metabolic engineering strategies by transferring the identified 
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genetic basis into a more suitable host or the use of natural host according to the 
intended industrial application. More effective ways for separating (other than the 
conventional methods) the three phenoxazinone derivative pigments produced by P. 
sanguineus should also be determined. The coloring and fastness properties of these 
pigments produced by the mutant P. sanguineus cultures should be established. Also 
an ecologically friendly binder should be established in order to use as a matrix to 
bind these phenoxazinone chromophore pigments to different types of textile fabrics.  
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